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ABSTRACT
Molecular Structures by Theoretical Means: Applications

to Metal Ion Monohydrates, Quadruply Bonded
Dichromium(II) Complexes, and Carbonyl Labilization in
Ligand Substitution Reactions. (August 1988)
Randall Dean Davy, B.S. Case Western Reserve University;
M.S. Bowling Green State University
Chairman of Advisory Committee: Dr. Michael B. Hall
Ab initio Hartree-Fock-Roothaan self-consistent-field (HFR-SCF) and
generalized valence bond (GVB) geometry optimizations are used to study
problems that are inaccessible to experiment. The theoretically determined
molecular geometries both reflect bonding interactions in complexes, and
indicate the course of reactions.
Calculations on monohydrates of metal ions show that these complexes are
planar because of the classical ion dipole interaction. The orbital interaction
that favors a nonplanar complex between a water molecule and a transition
metal can only induce nonplanarity in the absence of a charge on the metal.
Calculations on a the neutral complex Feo-H2 0 indicate a maximum strength
of 2 kcal for the orbital induced nonplanarity of a metal monohydrate.
Theoretically determined geometries are used to find the relative
importance of axial and bridging ligands in quadruply bonded dichromium(1I)
complexes. Complete geometry optimizations are shown to be necessary in
examining these complexes. Trends in Cr-Cr bond lengths as a function of
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bridging and axial ligands are calculated and compared to experimental
results. The response of the Cr-Cr bond to axial ligation is shown to depend on
the nature of the bridging ligand. By comparing calculated trends in the Cr-Cr
bond length to experimentally observed values, we are able to predict a Cr-Cr
bond length of 2.05 to 2.10

A in

tetracarboxylate complexes that lack axial

ligands.
Transition states for carbonyl substitution reactions are calculated for
several monosubstituted transition metal carbonyl complexes. These complexes
are calculated to lose cis carbonyls more readily than trans, in agreement with
experiment. The greater ease of cis carbonyl loss had been attributed to both a
stronger ground state trans bO!ld, and greater relaxation energy of the cis loss
fragment. The results of calculation show a mixture of these two effects for
most complexes. The relaxation effects are shown to be more important when
the heteroligand is a

11'

donor. The direct interconversion of the cis and trans

loss isomers is calculated to be slow at room temperature; however, a scheme
for trans incorporation of labelled carbonyl upon multiple substitution is
shown to be facile.
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CHAPTER I
INTRODUCTION
Theory has a long history of productive application in transition metal
chemistry. The earliest theoretical approach to transition metal chemistry was
valence bond theory. 1 However, with its straight forward explanation of the
spectra and magnetism of complexes, crystal field theory, and the closely
related ligand field theory, supplanted valence bond theory as the method of
choice in the 1950's. These theories formed the understanding of transition
metal chemistry into the 1960's. Throughout the 1960's as more and more
organometallic complexes were discovered, the molecular orbital approach grew
in favor and was widely employed by means of semi-empirical methods. The
first ab initio molecular orbital calculation was a study of NiF6 4 -, published in
1969. 2 Computational restrictions, however, prevented wide use of ab initio
methods in transition metal chemistry for almost another decade. In the mid to
late 1970's the number of ab initio calculations on transition metal complexes
began to increase dramatically3 due to improvements both in computer
technology and development of efficient and relatively easy to use computer
codes. The 1980's have seen tremendous growth in the number and size of
calculations on transition metals and their complexes. 4 Again the growth can
be attributed to both improved computer technology, especially the advent of
supercomputers, and further development of computer codes.
Despite the improvements in programs and computers, the size and

This document follows the style of the Journal of the American Chemical
Society.
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complexity of transition metals make them a continuing challenge to
theoreticians. To provide a context for the results presented in this thesis I will
briefly review the development of the theoretical methods used and discuss the
approximation used in these methods.
Ab initio is Latin for "from the start"; therefore, ab initio calculations are
those in which we solve the quantum mechanical equations for molecules
"starting from scratch". For a given molecule they require only a few
constants, and the masses and charges of the electron and nuclei. The
equations which describe molecules with more than one electron cannot,
however, be solved exactly. To obtain solutions, one must make certain
simplifying assumptions and approximations. The first major step towards
modern calculations on many-electron systems was the method of Hartree and
Fock, 5 in which each electron moves in the average field of all other electrons.
This approximation turns an N-body problem into N one-body problems. The
solutions to the N one-body problems are called orbitals, and the wavefun'ction
is expressed as a determinant of these orbitals. By writing the wavefunction as
a determinant, rather than a

simple product, one insures that the

wavefunct.ion will obey the Pauli principle, which requires the wavefunction to
be antisymmetric with respect to the interchange of any two electrons.
Another major step towards modern calculations was taken by Roothaan. 6
He developed a method of solving the Hartree-Fock equations which is
particularly amenable to automated calculation. He expanded each of the N
one-body solutions to the Hartree-Fock equations in a set of basis functions.
This usually involves a further approximation in the same way that a finite
Fourier series expansion of a function involves some error. As the number of
basis functions is increased the expansion approaches an exact representation
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of the Hartree-Fock wavefunction, the Hartree-Fock limit. Increasing the
number of basis functions brings the calculated energy closer to the true
energy, but does not necessarily improve the accuracy of all calculated
molecular properties, such as the geometry.
In the Hartree-Fock approximation the motions of the electrons are not
correlated explicitly, i.e. they do not have any knowledge about the
instantaneous location of the other electrons. This is a radical approximation
because, of course, like charges repel and electrons will tend to correlate their
motions to avoid each other. The Hartree-Fock model, however, performs
remarkably well in many cases, 7 and in many other cases, the failure of the
model is predictable and well understood. One failure is the dissociation of a
molecule into open shell fragments. The restricted Hartree-Fock method is
appropriate only for closed shell molecules, since it requires the electrons to
occupy orbitals in pairs. As a bond dissociates, however, the electrons should
separate, rather than remain paired; they should correlate their motions so
that each of the fragments has one electron. Therefore, in order to properly
describe this kind of dissociation one must include correlation in the calculated
wavefunction. This is not only true for complete dissociation of bonds, but also
for some weak bonds which resemble normal covalent bonds which have been
"stretched".8 There are a number of methods for including electron correlation
which use the Hartree-Fock wave function as a starting point. In the studies
presented here which require explicit inclusion of correlation effects, I will use
the generalized valence bond (GVB) method developed by Goddard. 9
In this method the molecular orbitals which describe certain bonds are
paired with the corresponding antibonding orbitals. This allows the electrons
in a given bond to correlate their motion. We will illustrate this by considering
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the simple case of molecular hydrogen. Near its equilibrium geometry, the
molecule is adequately described by a Hartree-Fock wavefunction:
"'HF

=

[<pga<PgP]

Where the brackets indicate a Slater determinant, and <Pg is a molecular
orbital made up of the sum of the hydrogen 1s orbitals.

<Pg

= (lsa +

1sb )

= (a + b)

However, in the dissociative limit, the wavefunction is properly described by a
singlet coupled sum of the separate atomic functions. This is also the simple
valence bond, or Heitler-London function.
"'VB

= [a(l)b(2) + a(2)b(l)]al3

Since the Hartree-Fock function consists of a single, doubly occupied orbital, it
cannot dissociate correctly. Conversly the valence bond function requires a and
b to be localized; therefore, it does not allow the ionic terms which are
necessary for a proper description of the molecular bond. The GVB
wavefunction is obtained by combining the localized functions in an optimal
manner:
"'GVB

= [a' (l)b ' (2) + b' (l)a ' (2)]

where
a'

= N(a + Ab)

b' = N(b + Aa)
Computationally these

delocalized functions

are

obtained from

linear

combinations of a bond function and antibonding function.
_ (2)112
'\
*
"'GVB 1-A
"'HF - I\"'HF

where

"'HF *

= (a - b). The two expressions given for '" GVB can be shown to be

equivalent. That this provides an adequate wavefunction over the entire range
of bond lengths can be shown by multiplying out

"'HF

and

"'HF *

(neglecting
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spin and normalization):
'l'HF

= a(1)a(2) + a(1)b(2) + b(1)a(2) + b(1)b(2)

'l'HF *

= a(1)a(2) - a(1)b(2) - b(1)a(2) + b(1)b(2)

Simply subtracting (A = 1) gives the valence bond function, but if one
optimizes the value of A for each value of the H-H separation,

'l'GVB

will vary

smoothly from the optimal equilibrium function to the dissociation limit. We
will make use of the GVB wavefunction in Chapter 111 to describe weak metalmetal bonds, which are in many ways like a partially dissociated bond.
A development of particular importance to this thesis is the feasibility of of

the theoretical determination of molecular geometries. Many of the questions
in transition metal chemistry, and chemistry in general, concern the geometry
of molecules either directly, or as an indication of bonding interactions. Until
recently, however, theoretical determinations of optimal geometries were not
possible, because of the tremendous requirements of computer time to calculate
the potential energy surface for the various bonding parameters. Traditionally,
gradients could only be determined from a point by point energy calculation,
followed by a fitting procedure. Progress in two areas has changed this
situation. The first is the availability of analytical gradient methods for
determining geometries. These methods, which were pioneered by Pulay,10 use
the wavefunction to determine the forces on the atoms. Even when analytical
gradient methods are used, however, the determination of optimal geometries
are more time-consuming than simply calculating energies of a single
geometries. Thus, the development of supercomputers has been essential for
the calculations presented here. They have allowed theory to playa role in
determining geometries of complexes which for one reason or another are
difficult to characterize experimentally.
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This thesis will present results for geometry optimizations of complexes
which are, for various reasons, inaccessible experimentally. In Chapter II
geometry optimizations will be used to evaluate the importance of a specific
orbital interaction in the bonding of a single water molecule to a transition
metal atom. Several different forces affect the coordination geometry of water
molecules bound to metals in aqueous solutions, including the metal - water
orbital interactions, electrostatic (ion - dipole) interactions, and hydrogen
bonding between water molecules. Experiments have shown that water
molecules bind to the metal with the metal out of the water plane; however,
experiments cannot evaluate the relative strength of all the forces on the water
molecule. Certain orbital interactions could favor such a coordination
geometry, and these will be evaluated theoretically, and compared to
experiment.
In Chapter III the results of careful application of geometry optimizations
to dichromium(II) complexes with quadruple metal-metal bonds are presented.
These bonds are weak; therefore, they are sensitive to changes in the ligands
which are bound to the metal dimer. The Cr-Cr distance in quadruply bonded
complexes vary over a wide range and a controversy has arisen between
experiment and theory concerning the relative effect of the different kinds
ligands (axial and bridging) on the metal-metal bond. The calculations
described here help provide both a resolution of the controversy, and an
explanation of how the controversy arose. Metal-metal bonds present an
extremely difficult challenge to theory. Calculations at the Hartree-Fock level
do not give a description of the Cr-Cr bond which is even qualitatively correct.
One can properly describe the qualitative nature of the Cr-Cr quadruple bond
by including a modest amount of electron correlation, but theoretical bond
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lengths remain too long. In order to make quantitative predictions of metalmetal bond lengths, calculations were performed on a series of dichromium
complexes. A comparison of the calculated trends with available experimental
data enabled us to assess the relative effects of axial and bridging ligation.
These calculations, which were the first complete geometry optimizations
performed on transition metal dimers, required several hundred hours of
supercomputer time. Complete optimizations were essential, because partial
optimizations had failed to take into account the coupling of ligand geometry
and Cr-Cr distance.
Finally in Chapter IV the results of studies on carbonyl substitution
reactions in complexes of the general formula M(CO)5L will be presented.
Experiments on these complexes have shown that carbonyl loss occurs
preferentially cis to the ligand L. The intermediate produced by carbonyl loss
was also shown to be fluxional. Two different theories were advanced for the
greater lability of the cis carbonyls. One stresses the stronger metal-carbon
bond trans to the heteroligand, L, in the ground state complex, the other
theory stresses the greater relaxation of the the Cs symmetry intermediate
produced by cis CO loss. In a theoretical study one may separate these two
effects and assess their relative importance, such a separation cannot be
accomplished in experimental studies.
The kinetics of fluxionality will also effect the substitution kinetics, and a
recent paper l l has questioned the compatibility of the experimental data and
the fluxionality of the intermediate. Theory is well suited to determining the
nature and energetics of fluxionality. The theoretically determined energies of
reaction and rearrangement of the intermediate can be used to deduce the
kinetics of cis and trans substitution. Fluxionality has also been proposed for
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the six coordinate ground state. Fluxionality in the ground state would, of
course, complicate the experimentally determined pattern of rearrangement.
Therefore, the energetics of some possible rearrangements of the ground state
will also be presented.
Although computers and programs continue to become better and faster,
very accurate calculations like those reported recently by Schaefer and
coworkers 12 are not feasible for large molecules such as those reported in
Chapters III and IV. The calculations reported by Schaefer et al. have large
enough basis sets and enough correction for electron correlation to accurately
predict absolute values of structural and spectral parameters. The size of most
transition metal complexes limits calculations to modest basis sets and
correlation corrections. One must, therefore, choose the subjects of theoretical
studies carefully, and one must ask the right questions, questions which can be
adequately answered by the chosen theoretical methods. The studies reported
here show that by asking the correct questions theoretical studies of modest
size can provide accurate answers to many important questions.
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CHAPTER II
CALCULATIONS ON METAL ION MONOHYDRATES
~ntroduction

Metal ion hydration, especially hydration of biologically important alkali
metals, has been thoroughly studied and reviewed.

13,14,15

Clementi and

coworkers performed extensive ab-initio calculations on alkali metal ions,
including construction of potential energy surfaces for a water molecule in the
field of Li+, Na+ of K+ ions. 16 ,17 They obtained the lowest energy when the
metal lies along the water dipole, as in Figure 1 with 9 w of 0 0 •
Dacre did a more detailed study of the Na +-OH 2 complex and obtained results
similar to those of Clementi.

1S

The potential energy surface calculated by

Clementi for the H 2 0-Li + complex was subsequently used by Impey et al. in a
Monte-Carlo ,simulation. 19 Bounds has used an analytical gradient technique

to provide the potential terms for Monte-Carlo simulations of dilute aqueous
Li+, Na+, K+, Ca 2 + and Ni 2 +, solutions. 2o This is an efficient method of
calculating a potential energy surface, and earlier Bounds found that a
gradient calculation produced a potential surface for Na +, Li+ and K+ in
good agreement with that of Clementi.
Although

the

21

potential energy surfaces

used in

the Monte-Carlo

calculations give minima for 9 w of 0 0 , the Monte-Carlo calculations of Bounds
show the tendency of the water to coordinate the metal with 9 w greater than
zero, generally 25 0 _45 0 •
structures

of metal

20

This result is in agreement both with crystal

hydrates,

22

and

the

inelastic

neutron

scattering

experiments of Enderby and coworkers. 23 ,24 It is postulated that the waterwater interactions, especially hydrogen bonding, contribute to 9w being closer
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Figure 1. General structure of the metal monohydrates. (Jw is the angle
between the metal ion and the H2 0 plane, with the metal ion lying in the
plane of symmetry.

11

to the tetrahedral value (31. 50) than the planar.
There are still unanswered questions concerning the interaction of water
molecules coordinated to metal ions. Calculations on HsO+ give a non-planar
geometry for the gas phase ion. What is the difference between Li + and H+,
which makes the former planar and the latter pyramidal? The predominant
interaction at a long M-O distance is certainly the ion-dipole interaction,
which will favor the planar geometry. At shorter M-O distances, however, one
might expect orbital interactions to induce a nonplanar geometry.25 Enderby's
study included the transition metal ion Ni2+ which has an unfilled d shell.
One might therefore ask whether certain d orbital occupations favor a nonplanar geometry apart from bulk interactions. The transition metal hydrates
have not been studied as extensively as those of the alkali metals, although
their hydration geometries are important for understanding reactions such as
the electron transfer between Fe

(II)

(H20)6 and Fe

(III)

(H20)6'

26

We have

attempted to answer these questions by calculating optimal geometries of the
hydrates of the spherical ions Li +, Na +, K+, Ca 2+, and Sc s +, of the ions
Ti2+, Cr2+, with 2 and 4 d electrons, and of the ions FeD, Co 1+ , and Ni2+
with 8 d electrons. In this study, rather than trying to understand all the
interactions in a cluster, we will focus on the effect of the electronic
interactions on the coordination geometry of a single water molecule bound to
a metal ion.
Theory
Calculations were done using the Hartree-Fock-Roothaan method, 6 and the
Generalized Valence Bond (GVB) method

of Goddard. 9 The geometry

optimizations in all cases were done using full gradient techniques. The basis
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functions used in this study were obtained by a least squares fit of linear
combinations of Gaussian functions to near Hartree-Fock-limit quality Slater
type functions. 27 The metal core functions were fit by three Gaussians, which
were then contracted to a single function. The 3d orbitals on Ti, Cr, Fe, Co and
Ni were fit by four Gaussian functions, which were then split into a
contraction of 3 functions and a single diffuse function. The basis set on the
hydrogen and oxygen was Pople's 4_31G 28 plus a single d orbital function with
and exponent of 0.85 added to the oxygen. The calculations of optimal
geometry for Li+ and Na + hydrates were repeated using Pople's 3-21G
basis,29 for Li + and Na + with no change in the results.
In this study some use was made of the computational technique of level
shifting. The Hartree-Fock-Roothaan procedure will usually converge to the
lowest energy state of closed shell molecules, i.e. the global minimum. The
computational technique of level shifting can be used, however, to obtain
convergence to excited closed shell states, which are local minima for the closed
shell energy surface. This is accomplished by swapping orbitals between the
occupied and virtual sets, and then minimizing the mixing of the occupied and
virtual sets. If however an occupied orbital is swapped with a virtual orbital of
the same symmetry, then level shifting cannot prevent convergence to the
original state, because mixing between orbitals of the same symmetry is too
facile. All calculations were done using the GAMESS program,30 and were run
on the Texas A&M Amdahl 5860 computer, or at the Cornell Theory Center
Production Supercomputer Facility using FPS264 Array Processors attached to
an IBM 3090-400.
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Results and Discussion
The calculated bond lengths, and angles, and total energies are shown for
the lowest energy geometries in Table 1. All geometries shown in Table I are at
8w

=

0° except for that of Feo, which is at Ow

=

45°. A table of all

calculated geometries is given in Appendix A. The geometry optimizations were
begun with a 8 w of 20°, and in each case (except Feo) the optimization
procedure brought the metal back into the water plane. To calculate a
potential curve for bending, Ow was fixed at 10°, 20°, 30° and 45 0 , and all
other bond lengths and the HOH angle optimized. The results of the
calculations on the spherical ions are shown in Figure 2.
The calculated metal-oxygen distances for the Na +, Li + and K+ hydrates
agree well with those of. Clementi. which were obtained using a larger basis
set. It should be pointed out, however, that the purpose of the study is is not to
obtain accurate absolute values for bond lengths and angles of hypothetical
monohydrates; rather our purpose is to understand the dependence of
coordination geometry, especially Ow' upon electronic interactions. Although it
is not as large as the basis set used by Clementi, our basis set is adequate for
the prediction of trends in the geometry. Clementi and Corongiu showed the
necessity of configuration interaction (CI) calculations to accurately describe
2

the H 20-Be + potential surface, and indicated that the need for CI in
calculating interactions between water molecules and
Configurations with M+ -(OH2)+

+ 2 ions is general. 31

character are important for a

proper

description of the interaction potential of dications and water. Clementi and
Corongiu indicated, however, that the importance of CI decreases for the series
Be 2+ to Mg2+, to Ca 2 +. The influence of CIon our calculations was tested
2
for the lowest energy closed shell state of Ti +. The potential curve for Ow
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Table I. Lowest Energy Geometries
Metal Ion

rCl\1-0)
A

rCO;H)
A

HOHAngle
Degrees

Energy
Hartree

A. Spherical Ions
Li+

1.849

.9537

106.3

-83.190977

Na+

2.217

.9516

105.5

-235.790848

K+

2.659

.9505

105.0

-669.440990

Ca2+

2.340

.9595

103.8

-746.031452

Sc 3 +

1.994

.9947

103.5

-827.564018

B. Ions With Partially Filled d Shells
Ti2+Cd

)2

2.074

.9677

105.6

-916.195313

2.073

.9667

105.6

-916.195312

Ti 2+Cdyz )2

2.093

.9639

105.9

-916.182792

Ti 2+Cd xz )2

2.176

.9625

105.4

-916.171528

2+ d
2
2
C x2.y2) Cd yz )
2+
2
2
Cr Cd x2.y2) Cd xz )
Ni 2+(d 2)S

1.862

.9716

106.4

-1108.784304

1.966

.9689

106.1

-1108.769994

1.850

.9713

108.5

-1569.419938

Ni2+Cd xz )S

1.924

.9703

106.6

-1569.394529

Ni2+ Cdyz)S

1.989

.9688

106.2

-1569.384860

Ni 2+Cd xy )S

1.989

.9664

106.4

-1569.376757

Co+ b

2.010

.9528

108.0

-1445.406129

Feoc,d

2.142

.9533

107.5

-1327.498433

x2.y2
2
Ti +Cd xy )2

Cr

z

sThe orbital written is the single unoccupied d orbital.

b

Co

+

o
Cd x2.y2)2Cdxy)2Cdx/(dy/ cFe occupation is: (4S)2Cdxy)2(dxz)2Cdyz)2

occupation is:
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Figure 2. Energy versus 9w for the spherical ions.
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was recalculated using a GVB description of the metal-water sigma bond. The
potential energy curve was slightly flatter, in the GVB calculation, but the
planar geometry remained the energy minimum. The Ti-O and O-H bond
lengths, and the HOH angle changed very little. The presence of polarization
functions on the Ca2+ ion also had only a small effect. When d orbitals were
added to the Ca 2+ ion, the planar geometry remained the energy minimum,
but the Ca-O bond shortened to 2.257A
It has

been

previously shown

that

HsO +

assumes

a

nonplanar

geometry,S2 and one might expect that the alkali ion monohydrates would also
be nonplanar. The pyramidal geometry of HaO+ is due to the proton's ability
to cause rehybridization of the water orbitals. Free H 20 is hybridized in such a
way that the stop ratio in the bond is low, reflecting the tendency to keep the
oxygen lone pair high in s character. as If an H+ ion approaches along the
water dipole, then electrons are donated to the H+ from a pz-2s hybrid; i.e. in
planar HsO+ the O-H bonds are sp2 hybrids, and the lone pair is in a p
orbital. The HaO + ion therefore adopts a pyramidal configuration which
allows more charge transfer from the electrons in p orbitals, and leaves some s
character in the lone pair orbital. The metals investigated here, however, are
not strong enough acids to force this rehybridization; the composition of the
water orbitals changes very little upon interaction with the metal ion. This is
shown in Table II. Binding Li 1 +, Ca 2+, or Cr2 + in the plane of the water
does not change the nature of the water orbitals. The oxygen lone pair remains
high in s character, therefore the complex need not adopt a nonplanar
geometry to add s character to the lone pair. Since the orbital interactions do
not strongly favor a bent geometry, the ion-dipole interactions set the

(Jw

at

0°. The maximum energy required for a bend of 45° due to the classical ion-
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Table II. Table of O-H Bond sip Ratios
Li+

,., 2+
va

Cr2+

H 0+
a

0

.4988

.4948

.5502

.6972

10

.4983

.4942

.5463

.6350

20

.4962

.4926

.5344

.6043

30

.4934

.4895

.5233

.5782

ew

Degrees

44

a

aOptimal angle for HaO in our basis set.

.5478
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dipole interaction alone, (assuming the dipole calculated for free water in our
basis set, and no charge transfer to the metal) is between 5 and 10 kcal for
Li +, Na + and K+. This is close to our calculated value of about 3 kcal.
Complexes of transition metal ions have the added effect of partially filled
d shells. The major orbital interactions between metal d-orbitals and water
valence orbitals (at 8 w =0°) are shown in Figure 3. The calculations for
2
T1· 2+ , N'2+
1
, and Cr + were done with various d-orbital occupancies, but
restricted to IAI (lA' for nonzero 8 w ) states. With the use of virtual-orbital
level shifting, however, it is possible to obtain convergence (defined as the
largest change in the density matrix ofless than 10-5 ) to both the lowest lying,
and excited IAl states.
One may infer from the qualitative M.D. diagram, given in Figure 3,
2
which orbitals will be occupied as d electrons are added to the metal. For Ti +
the lowest energy is obtained when the single d electron pair occupies either
the d xy (a 2), or d x2 .y2 (a l ) orbital, both of which are nonbonding. The results
shown in Table I confirm that these two IAI states are nearly degenerate, and
have very similar geometries. The next orbital above the aI, a 2 nonbonding
pair is the b 2 antibonding orbital. This is the antibonding interaction between
the b 2 water O-H bond and the Ti d yz orbital. The large energy difference the
water b 2 orbital the metal d orbitals implies that their interaction will be
weak. As shown in Table I, occupying the d yZ orbital gives an energy .013
Hartree higher than the energy of the nonbonded occupations. If the electron
pair is forced into the antibonding Px-dxz (b l ), rather than the nonbonding
orbitals, then the calculated energy increases by .024 Hartree. The antibonding
a l orbital cannot be occupied, because the electrons move into the nonbonding
d

2 2'

x .y

which is also a l symmetry, despite the use of large level shifters.

19

X

y

J-.

M n+

Figure 3. Interaction diagram for metal d-orbitals and water valence orbitals.
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When the d electron pair is forced into an antibonding rather than
nonbonding orbital, a ligand to metal donation becomes a four-electron
repulsive interaction. The greater the importance of a given donation, the
greater will be the lengthening of the M-O bond when that d orbital is
occupied. From qualitative molecular orbital theory one would expect the the
strongest interactions where energy differences between the orbitals are
minimized, and overlap is largest. A relatively strong interaction is therefore
expected for the b l orbitals because the Px lone pair is the HOMO of the water
molecule, and for the a l (metal d 2) interaction because the sigma overlap
z

between the d 2 and the oxygen Pz is substantial. The results in Table I show
z

that the Ti-O bond lengthens by more than .10

A when

the d xz orbital is

occupied instead of the nonbonding dX2oy2 or d XY ' There is, however, little
change in the Ti-O distance upon filling the Ti d yz which confirms the
weakness of the b 2 interaction.
Another system which allows one to evaluate the importance of donation
into specific d orbitals is Ni2+ -OH 2, which has a single unoccupied d orbital.
We can force a given orbital to remain unoccupied by using level shifting. The
lowest energy IAI state is obtained when the a l antibonding orbital is left
unoccupied, as one would expect from the M.O. diagram. If this orbital is
empty, the sigma donation into the metal d 2 orbital is conserved, and thus
z

the shortest Ni-O bond (1.850A) is also calculated for this occupation.
Similarly, the first excited IAI state is calculated when the b l is the only
antibonding orbital left empty. In this case the pi rather than the sigma
donation is conserved, and the Ni-O bond lengthens by .074A. If both the a l
and b l orbitals are occupied, but the b 2 orbital forced into the virtual set, the
energy is higher yet, and the Ni-O bond is .149A longer than the Ni-O bond of
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the ground IAI state. If the nonbonding d xy (a 2) orbital, rather than the d yZ
(b 2), is forced into the virtual set the energy goes up, but the Ni-O bond does
not lengthen. We may conclude that there is some interaction between the
water b 2 orbital and the Ni d yz ' but it has a negligible effect on the Ni-O bond
length. The order of bonding ability al>bl>b2>a2=al (d

2 2)

was also

" .y

found by Bauschlicher for Ni +. 34
The potential energy curve for 8 w will also depend on the d orbital
occupation. The water - d orbital interactions which are most strongly affected
by a change in 8 w are the a l (d 2) and b l . (Note that in this work all results
z
are presented in terms of the C2v coordinate convention, as shown in Figure 1)
The energies of the nonbonding d orbitals, and the b 2 bonding and antibonding
orbitals are almost unchanged. The d 2-Pz bonding interaction weakens as 8 w
z
is increased to 45

0
•

Figure 4 shows molecular orbital plots for the d

z

2- Pz

bonding orbital (4a), the dxz-px bonding orbital (4b), and" the dxz-px
antibonding orbital (4c) of Ni+-H 20 at 8 w = 0° and 45°. The d z2 and Pz
orbitals in the bonding molecular orbital point slightly away from each other
at 8 w = 45°, which increases the out-of-phase interaction. The dxz-px bond,
which is shown in Figure 4b, changes very little in energy upon bending. The
dxz-pz antibonding orbital, however, decreases in energy because it becomes
more nonbonding as the metal is rotated out of the water plane. This can be
seen in Figure 4c by the constructive interference between the Ni and 0 atoms
at 45 0. An occupied dxz-px antibonding orbital therefore favors a bent
structure. The a l bond, as well as the classical dipole interaction, will however
favor the planar geometry. The question is which of the competing effects is
strongest in the complexes with occupied 2b I orbitals.

22

c

b

a
Figure 4. Orbital plots for NiH -H20. The projection of the H atoms onto the
plane are given for reference.
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The dxz-px antibonding orbital must remain occupied as the metal is bent
out of the plane of the water if its effect on the potential energy curve is to be
analyzed. As the symmetry of the system is reduce to Cs ' however, both the b 1
and a 1 representations become a'. For Ti 2+ -OH2 there is only one electron
pair; if it is forced to occupy the antibonding dxz-px orbital instead of the
nonbonding d 2 2 orbital, lowering the symmetry to Cs will allow the orbitals
x oy

to mix in the SCF process, and the nonbonding orbital will become occupied.
To keep the dxz-px antibonding orbital occupied, the lower-lying a' orbital
must be occupied as well. The simplest system in which one can compare the
energy of the planar and bent geometries, while keeping the dxz-pz
antibonding orbital occupied, must have two electron pairs.
This requirement is met in Cr 2+ -OH2. The purpose of calculations on
Cr 2+ -OH2 was only to determine whether occupation of the dxz-px can affect
8 w; therefore we did not perform calculations on all possible occupancies of the
metal d orbitals, as was done with Ni 2+ and Ti 2+. Calculations were
performed on the lowest energy lAl state, and the lAl state in which the d xz Px antibonding orbital remains occupied upon bending the metal out of the
water plane. (One might expect the lowest energy

lAl

state for this system to

be (dxy)2(dx20y2)2. This is, however, not the case due to the large electron
repulsion energy for four electrons in the xy plane.) When we force the dxz
orbital to be occupied the Cr-O bond length increases, and the energy goes up,
as is expected from the results on Ti and Ni. Despite the dxz-px antibonding
interaction, however, the planar geometry remains the minimum for the
potential curve. The factors which favor a planar geometry, namely overlap of
the water and the metal d 2' and the ion-dipole interaction, outweigh the d xzz
Px antibonding interaction for Cr2+ -OH 2.
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The ion-dipole interaction weakens, and charge transfer to the metal
decreases as the charge on the metal is reduced from 2 + to 1 + to

o.

Calculations were therefore done on the the lowest energy closed shell states of
the Co 1 +, and Feo monohydrates to determine if lowering the charge would
allow the dxz-pz antibonding interaction to induce a nonplanar geometry.
These systems meet the requirement of keeping the antibonding dxz-px orbital
occupied upon bending. The results given in Figure 5 show that the curve
flattens for the Co1+ ion, but only for Feo, in which the ion dipole interaction
is absent, and donation to the metal is not as important, does the metal to
2

bend out of the plane. The d-orbital occupations in Figure 5 are: Ti + .2+

d x 2 .y2; Nl

- d x 2 .y2' d xz ' dxy' dyz; Cr

2+

- d x 2.y2' dxz;

C +
0

-

d x 2.y2' dxz'

°

d XY ' d yz ; Fe o - d xz ' d XY ' d yZ ' 4s. The Fe -OH2 system has the 4s, rather than
the d x 2.y 2 orbital occupied in the ground state. The water dipole penetrates
part of the 4s orbital, which weakens the induced dipole-dipole bonding.
The Feo-OH2 bond is weaker, and perhaps more difficult to calculate
accurately. An experimental studl 5 , and several theoretical studies of neutral
transition metal-water complexes have been published recently. Blomberg and
coworkers,36 and Bauschlicher 34 have published detailed theoretical studies of
a single water bound to neutral transition metals. Bauschlicher has also
shown that CI is not critical for an accurate description of Nio-OH • 37
2

Bauschlicher34 ,

and

Blomberg

38

show

that

the

induced

dipole-dipole

interaction is a major part of the bonding, and therefore the water basis set
must be large enough to accurtely reproduce the water dipole. The water dipole
in our basis set is .864 A.D., compared to .78 for the Hartree-Fock limit, and
an experimental value of .72. Our results therefore error towards the planar

°

geometry, and provide only an estimate of the energy of bending for Fe -OH2
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We may conclude that the ion-dipole interaction and a donation set 8 w at
0° in the monohydrated metal ions. This is in agreement with Bauschlicher,
who concluded that the bonding of Ni + -OH2 was dominated by electrostatic
terms 34 • When fully hydrated, ions such as Ni2+ will have a decreased net
charge, and the orbital interactions will begin to influence the energy of
bending. The dxz-px antibonding interaction, however, favors the bent
geometry only weakly. Calculations by Bauschlicher on a single water bound to
a neutral 14 atom Ni cluster found 8 w to be zero, but only .001 ev was
required for bending. 39 Based on our FeD results the maximum energy gain by
bending would be estimated at 2 kcal. Thus hydrogen bonding, which is worth
roughly 6 kcal, should dominate the wag angle of water molecules coordinated
to ions both in solution and in the solid state.
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CHAPTER III
THEORETICAL DETERMINATIONS OF DICHROMIUM BOND
LENGTHS.
Introduction
Quadruply bonded complexes of dichromium(II) have been the subject of
,
theoretlCa
' 140 -55 and expenmen
' ta 156-68 s t u d'1es. These comp1exes are
on-gomg
interesting for the wide range of lengths exhibited by formally quadruple bonds
between chromium atoms, Most studies have focused on complexes with the
general formula Cr2(bridge)4Ln with n

= 0,

1 or 2 (see Figure 6). Although

the Cr-Cr bond lengths are wide ranging, the complexes generally fall into two
distinct classes. The largest class is characterized by bridging ligands derived
from carboxylates, and the presence of axial ligands. These complexes have CrCr bond lengths in the range 2.28 to 2.54

A. The second class, with super-short

Cr-Cr bonds, is characterized by bridging ligands derived from acids weaker
than carboxylic, and the absence of axial ligands.
Studies on these complexes have tried to divide the responsibility for the
change in Cr-Cr bond length between the two changes in ligation, and a
controversy has arisen between theory and experiment in this effort. There are
two obvious experimental approaches to determining the cause of the bond
length change. One may either add axial ligands to the complexes with supershort bonds, or remove the axial ligands from the complexes with long bonds.
Cotton and coworkers showed that the Cr-Cr bond of the complex
Cr2(O(NR)CMe)4 (R= 2-xylyl) can be lengthened from 1.937(2)

Ato

2.354(5)

A

by the addition of axial ligands 63 ,64. This would suggest that the principal
difference between the classes is the presence of axial ligands. Therefore, one
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Figure 6. General structure of Cr(bridge)4 complexes.
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would

also

postulate

that

the

removal

of axial

ligands

from

the

tetracarboxylate complexes should substantially shorten the Cr-Cr bond.
Initial efforts to test this postulate were frustrated by the difficulty of
crystallizing a tetracarboxylate complex that lacked any form of axial ligation.
The postulate was tested by calculations, and they indicated that the Cr-Cr
bond remains long and weak in the absence of axial ligands. 47 ,54 Thus the
shortening of Cr-Cr bond postulated from the experiments was not found by
theory.
The controversy concerning the relative effects of axial and bridging
ligation has been difficult to resolve because of difficulties in both experiments
and calculations. Crystallization of tetracarboxylate complexes without axial
ligation has not yet been accomplished, despite great effort.

65

Since the

complete removal of axial ligands is so difficult, Cotton and Wang

57

plotted

the change in Cr-Cr bond length as a function of axial and bridging ligand
pKa for a series of tetracarboxylate complexes. They found that the Cr-Cr bond
length for these complexes are more sensitive to the pKa of the bridging ligand
(aCr-Cr is approximately -0.04 AlpKa unit) than the axial ligand (aCr-Cr is
approximately 0.008 A/pKa unit). Although these plots cannot be extrapolated
to the complete absence of axial ligands, they do show that the bridging ligand
strongly affects the Cr-Cr bond length in complexes that have relatively long
and weak metal-metal bonds. Recently the complex Cr2(02CCPh3)(C6H6)2 has
been prepared and characterized.
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The benzene molecules are centered axially

between two Cr-Cr units, with the benzene plane perpendicular to the Cr-Cr

A. With this relatively
A, which is the shortest

axes, and the Cr to benzene-center distance of 3.30
weak axial interaction, the Cr-Cr bond is 2.256(4)

seen in a crystalline complex of the type Cr2(02CR)4Ln. This bond length is
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still, however, much larger than the super-short Cr-Cr bonds «

2.0

A).

To completely avoid the influence of axial ligands, gas-phase experiments
have been performed on Cr2(02CMe)4. Kektar and Fink67 found a Cr-Cr
distance of 1.966(14)

Ausing gas-phase electron diffraction. Again,

this would

indicate that the axial ligands are responsible for the greater part of the bond
distance change. The interpretation of this experiment was made difficult by
the overlap of the radial distribution peaks for Cr-Cr and Cr-O, and a low
index of resolution. The gas-phase ultra-violet photoelectron spectrum (UVPES) has also been reported. 55 This spectrum differed substantially from the
spectra of complexes with super-short Cr-Cr bonds, and the authors explained
these differences by postulating a Cr-Cr bond which is outside the super-short
range. The gas-phase spectrum of Cr2(02CMe)4 was compared to the spectrum
in the solid state. 68 It is assumed that the dichromium tetraacetate is
arranged in the solid state so that a bridging acetate ligand serves as the axial
ligand to the neighboring complex. The peaks assigned to ionizations from the
metal-metal bond are at lower energy in the solid state spectrum, indicating a
weakened bond. This experiment does not give a quantitative correlation
between the absence of axial ligands and bond length, however. The
experimental picture will perhaps not be complete until a crystal structure of a
tetracarboxylate without axial ligation is obtained.
In a theoretical study one can make systematic changes which might be

experimentally impossible. Computational studies of these complexes, however,
have been difficult due to both the size of the system, and the necessity of
electron correlation in describing the Cr-Cr bond. The theoretical difficulties in
calculations

on

metal-metal

multiple

bonds

have

been

studied

thoroughly,43,46 and reviewed recently by Hall. 40 We will discuss them
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briefly. The lack of electron correlation in the earliest calculations led to the
incorrect conclusion that no bond existed between the chromium atoms; the
ground state calculated at the restricted Hartree-Fock (RHF) approximation is
2 2
0 11' 0*211'*2.55

In configuration interaction (Cl) calculations the leading

configuration is indeed the quadruply bonded one

2
2
(0 11'4 cS ).

In calculations on

Cr2(02CH)4 at Cr-Cr distances in the 2.25

A-

2.50

A range

quadruply

up

less

than

bonded

configuration

makes

however, the
20%

of

the

wavefunction. 47 ,41 The small contribution of the leading configuration
indicates that a much larger CI calculation is required for the dichromium
complexes than for a "typical" molecule, in which the leading configuration is
80% or more of the wavefunction. Thus, even when electron correlation is
taken into account, ab-initio calculations of Cr-Cr bond lengths in both the
bare metal dimer 69 ,7o and in complexes do not in general provide correct
absolute values. Walch et al. 71 estimate that 57 million configurations would
be necessary to calculate a bond energy of even 0.6 eV for Cr2, versus an
experimental value of 2.0 eV.72
Although correct absolute values are difficult to calculate, one would
expect CI calculations to reproduce experimental trends in bond lengths among
dichromium tetracarboxylates and their derivatives. This has not been the
case, however, if one accepts the Cr-Cr bond length of 1.966

A determined

electron diffraction for Cr2(02CMe)4. Calculations by Kok and HaU

41

by

using CI

on orbitals generated by the generalized molecular orbital method showed a
difference of 0.48A between the Cr-Cr bond lengths of Cr2«NH)2CH)4 and
Cr2(02CH)4. The experimental difference for the complexes Cr2«NMe)2CPh)4
and CrZ<02CMe)4 is only 0.13

A.

Benard calculated a change of only 0.05

A

upon addition of axial water ligands from Cr2(02CH)4 using CI calculations
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on RHF orbitals. 44 Again assuming the electron diffraction value is correct,
axial water ligands lengthen the metal-metal bond of dichromium tetraacetate
by 0.396

A.

We see that many of the calculations done so far still disagree with
experiment. In principle this disagreement could be settled by a large enough
basis set and CI expansion, but we estimate that without empirical corrections
the size of the necessary computation would be prohibitive today. A second
approach is to employ smaller basis sets and limited CI, and concentrate on
trends for a series of related complexes. This approach assumes that errors due
to limited basis set and limited electron correlation remain constant for closely
related complexes. If the computational method consistently accounts for the
physics of the problem, accurate trends should be calculated.
We have chosen the second approach for this study. We have undertaken
to systematically extend and improve the computational studies on these
complexes to achieve the goals of calculating accurate trends in Cr-Cr bond
lengths, and explaining these trends. Previous theoretical determinations of
Cr-Cr bond length "have not been complete optimizations; the geometry of the
bridging ligands have either been unmodified,41 or in some cases modified
according to available experimental data. 44 Our preliminary results have
indicated that the geometry of the bridging ligand should have substantial
effect upon the calculated Cr-Cr distance. We have sought to improve upon
previous calculations by optimizing both the Cr-Cr bond, and the bridging
ligand geometry.
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Theory

A computational difficulty is encountered when complexes with less than
D4h symmetry are studied. In RHF calculations on complexes of symmetry
lower than D 4h , metal-metal bonds localize onto opposite Cr atoms. For
example, in D 2d symmetry, the 1Tx bond will localize onto one metal, and the
1Ty onto the other, while the 0 and

0

bonds remain delocalized. Localization is

energetically favorable at the Hartree-Fock level because it reduces the electron
repulsion energy. CI calculations begun from RHF starting orbitals will
delocalize the

1T

electrons, but both Benard,44 who did CIon RHF starting

orbitals, and Hall,S using CIon generalized molecular orbital GMO starting
orbitals, found that the results of calculations on Cri02CH)4 depend on
whether the reference wavefunction is localized or delocalized. Benard found a
shorter Cr-Cr distance when he used a localized reference configuration. Thus,
one cannot compare calculations on complexes of different symmetry unless the
theoretical method used gives the same results starting from localized or
delocalized reference wavefunctions.
In this study we have used the generalized valence bond (GVB) method.
The GVB method is a multiconfigurational self-consistent field calculation
developed by Goddard. 9 For our system each GVB pair consisted of a metalmetal bonding orbital and its antibonding counterpart. An advantage of the
GVB method is that it gives a properly delocalized solution for

Cri02CH)4

even if the RHF starting orbitals are from a symmetry broken, localized,
solution. This was determined by perturbing the geometry of Cr2(02CH)4
slightly to lower the symmetry to D 2d , which allows the the d-1T orbitals to
localize onto the metal atoms. These localized orbitals were then used to start
a GVB calculation. The GVB self-consistent field (SCF) cycling yielded the
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same delocalized orbitals and CI coefficients as those obtained from delocalized
starting orbitals. The GVB calculations mix the bonding and antibonding
metal-metal bond orbitals very efficiently, and therefore delocalize the metalmetal bonds even when starting from localized d orbitals. Thus, the GVB
method may be used to compare systems of different symmetry.
For all calculations the basis sets were derived from that of Huzinaga. 73
The basis set on Cr is the modification of Huzinaga's (432-32-3) basis due to
Williamson and Hall,74 where a diffuse d and p orbital have been added to
produce a "double-zeta" basis. The basis sets on C, N, and 0 are Huzinaga's
(33-3) bases with the p function split to give (33-21). The basis set on H was

Huzinaga's contraction of three primitive gaussians. Since the calculated Cr-Cr
distance is dependent upon the bridging ligand geometry, the ligand basis set
was carefully chosen to give consistent results for the three bridging ligands
02CH, (NH)OCH, and (NH)2CH. The geometry of the free ligands were"
optimized using several contraction schemes for Huzinaga's (33-3) bases on C,
N, and O.
The optimized bridging ligand geometries are shown in Table III. The
largest basis set, (321-21) on C, N, and 0, would have been too costly to use in
the full complex, but it did serve as a standard for the free ligand
optimizations. By splitting the p function on C, N, and 0 to give a (33-21)
basis, we obtained geometries within 2% of those obtained with the (321-21)
bases for all three bridging ligands. This is a modest basis set, especially for
geometry optimizations. We do not, therefore, attempt to draw conclusions
from the absolute values of our calculated bond parameters. Rather, we depend
on calculating these parameters for a series of complexes, and drawing
conclusions from the more trustworthy trends in geometry.
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Table III. Optimized geometries of free bridging ligands as a function of basis
set splitting. (Units are Angstroms and degrees.)

STO-3G

Split 2p

Split 2s, 2p

CH

1.154

1.115

1.116

CO

1.352

1.273

1.253

OCO

129.6

130.6

131.0

O· ·0

2.447

2.314

2.280

CH

1.146

1.111

1.115

CO

1.353

1.279

1.263

CN

1.404

1.329

1.305

NH

1.044

1.024

1.022

N· ·0

2.475

2.356

2.323

OCN

127.8

129.1

129.5

CNH

105.1

109.3

109.2

Variables

Formate

Amidate
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Table III continued

Variables

STO-3G

Split 2p

Split 2s, 2p

CH

1.136

1.106

1.109

CN

1.404

1.337

1.316

NH

1.043

1.023

1.021

N· ·N

2.499

2.393

2.363

NCN

125.6

126.9

127.8

CNH

104.8

109.3

108.6

Amidinate

37

Geometry optimizations were done using analytical gradient techniques.
The optimizations were said to be converged when the maximum gradient was
less than 0.0075 Hartree/au or radians, and the average gradient was less
than 0.005 Hartree/au or radians. When the above gradient criteria were met
the maximum stepsize were never greater than 0.001 au or radians.
Error analysis. Since the criteria for convergence are small but nonzero
values, some uncertainty in the calculated value of the Cr-Cr distance is
unavoidable. The uncertainty can be divided into a part due to the nonzero
gradient for the Cr-Cr bond itself, and a part due to the uncertainty in the
bridging ligand parameters. The uncertainty due to allowing a maximum
gradient of +1- 0.0075 for the Cr-Cr bond was 0.05

A for

Cr2(02CH)4' Since

this error was unacceptable, we calculated two Cr-Cr bond lengths for the
formato complex, one that had a

gradient between 0.00 and 0.0075

Hartree/au, and one that had a gradient between 0.00 and -0.0075 Hartree/au.
We determined by interpolation that a Cr-Cr bond with a gradient of 0.001
Hartree/au has an uncertainty of less than 0.005

A.

We therefore required

that the Cr-Cr gradient either be less than 0.001, or that two points that have
gradients within the convergence limit be calculated, and an interpolated
value obtained. The uncertainty due to variations in the bridging ligand
geometry was tested for Cr2(02CH)4 by optimizing the Cr-Cr distance using
fixed bridging ligand parameters obtained from the 2.45 and 2.55 points of the
potential curve. In both cases the optimal Cr-Cr distance was 2.490 +1- 0.005

A. Thus, the final results have an uncertainty of +1- 0.01 Ain the calculated
Cr-Cr bonds.
For

Cr2(02CH)4

and

Cr2«NH)2CH)4

potential energy

curves

were

calculated by allowing optimization of all variables except the Cr-Cr distance.
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Once

the

curves

had

been

calculated,

all

variables

were

opt.imized

simultaneously, starting from the point closest to the minimum of the potential
curve. For Cr2«NH)2CH)4 the gradient for the Cr-Cr bond at 2.30

A.

was well

below the convergence limit, therefore the bond parameters at Cr-Cr = 2.30

A.

represent the optimal geometry.
The

calculated

geometries

of

the

axially

ligated

complexes,

Cr2(02CH)4(OH2)2' and Cr2«NH)2CH)iOH2)2' are not complete geometry
optimizations. The Cr-Cr and C to bond axis distances, and the LCL (L = N,
0) and CNH bond angles were optimized. The C-H bonds, and the C-N bond
were fixed, but their gradients were evaluated at the final geometry, and were
below the convergence criterion for maximum gradient. The C-O bond was
fixed, because it was nearly constant at 1.275( +/- 0.001)A. over the range of
Cr-Cr bond lengths 2.25 A. to 2.65 A. in Cr2(02CH)4' The O-H bond length and
HOH angle of the axial water ligands were also fixed, because these variables
should not directly affect the Cr-Cr bond.
All calculations were performed using the GAMESS program package. 30
Calculations were carried out on the Texas A&M University Amdahl 5850
computer, the Cornell National Supercomputer Facility FPS 264 processors,
and a Cray X-MP supercomputer located at Cray Research, Mendota Heights,
Minnesota.

Results
Separating the individual interactions in a complete system is a difficult
but important task. Initially we evaluated the response of the metal-metal
bond to the 0 ••

° or N· • N distance (the "bridge span" of the bridging ligand).
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The bridge span was changed by opening or closing the OCO or NCN angles, at
constant C-O or C-N distance. At a fixed bridge span, both the C to metalmetal bond axis distance, and Cr-Cr distance were optimized (see Figure 7).
The CNH angle in the amidinato complex, which influences the nitrogen
hybrid orbital directed towards the Cr, was also optimized. The results of these
calculations are shown in Figure 8. The Cr-Cr distance was calculated to be
strongly dependent upon the L· • L distance (L = N ,0). In these calculations the
Cr-bridge interaction is strong enough to set the Cr-Cr distance.
The results of the preliminary fixed ligand studies showed the necessity of
complete geometry optimization for a systematic study of Cr-Cr bond lengths in
these complexes. Geometry optimizations insure that the theory and not a prechosen geometrical parameter, such as the OCO angle, is controlling the Cr-Cr
bond distance. The fully optimized geometries of the complexes without axial
ligands are given in Table IV, and the potential curves for the Cr-Cr bonds in
Cr2(02CH)4 and Cr2«NH)2CH)4 are shown in Figure 9. The Cr/(NH)OCH)4
complex, due to its lower symmetry (D 2d ), has three more variables, as shown
in Figure 7. The potential curve for this complex was first calculated with the
line drawn through the CH bond constrained to be the perpendicular bisector
of the Cr-Cr bond. The bridging ligand could not slide or tilt. When all
variables were optimized we found that by including the tilt and slide
decreased the energy and moved the optimum Cr-Cr bond length from 2.40
to 2.38

A.

A

Table V shows the optimized geometries for the axially hydrated

complexes Cr2(02CH)4(OH2)2 and Cr/(NH)2CH)iOH2)2
As expected from previous calculations, the calculated Cr-Cr bond lengths
are too long in every case. The intraligand bond parameters generally are in
good agreement with experimental values. Some difference in the intraligand
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H

"-N

o
Cr---'--...... Cr

Cr.--....&--- Cr

Formato

Amidinato

o
Cr----+--·" Cr
Amidato

Figure 7. Variables for bridging ligation. Note that the amidato ligand can
shift off the Cr-Cr bond center.
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Figure 8. Calculated dependence of Cr-Cr distance upon the
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Table IV. Optimized geometries for complexes without axial ligands. (Units are
Angstroms and degrees.)

Calculation

Experiment

Tetracarboxylatob
Cr-Cr

2.49(1)

1.966(14)

Cr-O

1.967

2.014(8)

C-O

1.275

1.267(5)

OCO

123.4

128.5(3)

O· ·0

2.246

2.282(12)

Tetraamidato C
Cr-Cr

2.38(1)

1.937(2)

Cr-O

1.953

1.959(5)

Cr-N

2.040

2.080(7)

Off-Centerc

0.08

0.1(1) *

Tilt angled

4.2

3.3(9) *

C-O

1.292

1.29(2) *

C-N

1.297

1.31(5) *

OCN

123.3

121.6(8) *

CNR

115.8

121.3(7)*

O· ·N

2.278

2.27(2) *
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Table IV continued

Calculation

Experiment

Tetraamidinatoe
Cr-Cr

2.30

1.843(2)

Cr-N

2.039

2.025 (5)

C-N

1.314

1.33(1 )*

NCN

122.8

116.3(5)

N· ·N

2.307

2.27(1) *

aExperimental complex is tetra acetate (ref. 67) bExperimental bridging ligand
is (2-xylyIN)OCMe (ref. 64) cThe ligand moves and tilts toward the oxygen
atom. dExperimental bridging ligand is (NMe)2CPh (ref. 75) *Values are
averages

and

parameters.

standard

deviations

of crystallographically

independent
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Figure 9. Potential energy curves for Cr-Cr bonds. For absolute energy values
add -2674. to top scale, -2832. to bottom scale.
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Table V. Calculated bond lengths and angles for axially hydrated complexes.
(Units are angstroms and degrees.)

Calculated

Experimental a

Tetracarboxylato
Cr-Cr

2.60

2.362(1)

Cr-O(bridge)

1.989

2.018(8)

Cr-OCaxial)

2.153

2.272(3)

C-O

1.275

OCO

124.3

123.1(3)

O· ·0

2.254

2.224(2)

b

1.265(5)

Tetraamidinato
Cr-Cr

2.48

Cr-O

2.346

Cr-N

2.057

C-N

1.314

N· ·N

2.327

NCN

123.7

CNH

114.2

aExperimental complex is Cr2C02CMe)iH20) (reference 62) bThis distance is
fixed from unhydrated complex.
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parameters is expected for the amidato (R'C(NR)O) and amidinato (R'C(NR)2'
because of the difference between the model and experimental Rand R' groups.
The Cr-N and Cr-O bond lengths agree remarkably well with experiment,
considering the moderate basis set size.

Discussion
The large experimental variability of the Cr-Cr bond lengths of these
complexes is evidence of a shallow potential well. The shallowness of the well
makes the Cr-Cr bond sensitive to small perturbations, which in turn makes
analysis of the Cr-Cr bonding difficult. The calculated potential curve is also
very shallow, and calculated Cr-Cr bonds are longer than experiment in all
cases. This does not necessarily mean that the wavefunction is especially poor,
but that the wavefunction would have to be extremely good to get the correct
Cr-Cr bond distance. For our GVB calculations on the tetraformate complex a
Cr-Cr bond length of 2.25
of 2.55

A.

Ais only 4 kcal higher in energy than a

Cr-Cr bond

Our calculations do give reasonable and consistent trends in Cr-Cr

bond distance for changes in the bridging ligands and the addition of axial
ligands. The wave functions of the various complexes should therefore show
the underlying causes of the observed trends.
We will begin by examining the calculated dependence of Cr-Cr bond upon
axial and bridging ligands. We will analyze changes in both the geometries
and the wavefunctions of the complexes as the bridging ligands are modified,
and axial ligands are added. The results of our calculations will then be
compared to experiment, and finally to the results of previous calculations, in
order to obtain a fuller understanding of the Cr-Cr bond in these complexes.
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GVB geometries and wavefunctions. Our initial studies showed the
necessity of full geometry optimizations for complexes without axial ligands.
The calculated Cr-N and Cr-O bonds are much stronger than the calculated
Cr-Cr bond. If the span of the bridging ligand increases, the chromium atoms
simply follow the bridging atoms out, with only a small change in Cr-N and
Cr-O bond lengths. There is actually an amplification effect; the slopes of the
lines in Figure 8 increase as the bridge spans increase. This is due to a
rehybridization of the bridging ligand which forces the lone-pair to point
outward as the LCL. angle opens. The change in the lone-pair direction can be
seen in Figure 10, shows the calculated deformation density of the formato
ligand at various OCO angles.
The calculated geometries of 02CH and (NH)2CH change only slightly
from point to point along the potential curve of the Cr-Cr bond. These slight
adjustments keep the Cr-N and Cr-O distances nearly constant, and although
they are small, they are important for the accurate calculation of a potential
curve as shallow as that of the Cr-Cr bond. Optimization of the bridging
ligands is even more important when one compares the Cr-Cr bond lengths for
different model bridging ligands, because the lines L=N and L=O of Figure 8
differ in slope and curvature. If we extrapolate the lines in Figure 8 to 2.10

A

we see that the previous results of Kok and Hall are consistent with the
present calculations. Kok and Hall overestimated the response of Cr-Cr
distance to the change in the bridging ligands in large part because they fixed
the bridge span of both model ligands at 2.10

A

Our calculations show a steady decrease in the Cr-Cr bond length as the
basicity of the bridging ligand increases. This is consistent with earlier
theoretical studies of Benard 44 , Atha et a1. 50 and Kok and Hall. 41 ,42 One
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A. 100 DEGREES

B. 120 DEGREES

c.

140 DEGREES

r H,

'-"

Figure 10. Rehybridization of formate ligands as OeD angle is opened. OeD is
angles are a) 100 0 , b) 120 0 , c) 140 0 •
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expects increased donation of electrons to the chromium as the basicity of the
bridging ligand increases. The increased donation decreases the charge on the
metal, weakens the electrostatic repulsion and shortens the metal-metal bond.
One would also expect expansion of the metal d-orbitals as the charge on the
metal decreases, which would result in better d-d overlap and a stronger bond.
We can examine the wavefunction and its properties to see if these
expectations are born out. The Mulliken and Lowdin population analyses,
shown for a common Cr-Cr distance in Table VI conflict; therefore, another
method of evaluating the charge on the metal must be used.
One can roughly compare the charge on an atom in different environments by
noting the changes in core orbital energy levels. Higher energies indicate a
lower potential at the Cr nucleus, which implies the presence of more electron
density. Each Cr atom would thus experience a weaker repulsion from the
other Cr nucleus. From the core orbital energies in Table VI we can infer that
the sequence in metal charges for the complexes is formato > amidato >
amidinato, which is consistent with metal-metal bond length change, and the
basicity of the ligand. Atha et al. reached a similar conclusion based on a
combined theoretical and gas phase X-ray photoelectron spectroscopy study of
dichromium and dimolybdenum complexes. 50
The GVB parameters given in Tables VII and VIII indicate the degeree of
similarity of the Cr-Cr

0,

11'

and 5 bonds to typical covalent bonds. For a

typical covalent bond, such as the one in H 2 , one would calculate a large
energy gap between the bonding and antibonding orbital, a bonding orbital
occupation of nearly two electrons, and

a large GVB pair overlap. The

stronger Cr-Cr bonds more closely resemble typical covalent bonds; thus, we
see that for all cases the

0

bond is much stronger than the

11'

or 5. The relative

50

Table VI. Mulliken and Lowdin populations, and core orbital energies for Cr
atoms in different complexes.

Tetraformato

Tetraamidinato

Mulliken

22.843

22.457

Lowdin

24.175

24.268

Is Energy (au)

-220.652

-220.546

2s Energy (au)

-26.743

-26.638

51

Table VII. GVB wavefunction properties for axially ligated complexes. The CrCr distance is 2.50A in each case.

Tetraformato

Tetraamidinato

a

-.568

-.416

a*

-.226

-.183

7r

-.493

-.380

7r*

-.379

-.289

0

-.481

-.360

0*

-.403

-.286

a

1.57

1.56

a*

0.43

0.44

7r

1.18

1.20

7r*

0.82

0.80

0

1.12

1.17

0*

0.88

0.83

a

0.310

0.304

7r

0.092

0.099

0

0.060

0.085

Energy (au)

Occupation

Pair overlap
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Table VIII. GVB wavefunction parameters for complexes without axial ligands.
The Cr-Cr distance is 2.40...\ in each case.

Tetraamidato a

Tetraamidinato

-.716

-.621

-.547

-.253

-.229

-.217

71"

-.601

-.530

-.481

71"*

-.411

-.369

-.331

5

-.555

-.486

-.433

5*

-.451

-.392

-.345

0

1.58

1.58

1.56

0*

0.42

0.42

0.44

71"

1.23

1.23

1.25

71"*

0.77

0.77

0.75

5

1.13

1.14

1.16

5*

0.87

0.86

0.84

0

0.3211

0.3191

0.3076

71"

0.1055

0.1178

0.1252

5

0.0660

0.0717

0.0792

Tetraformato

Energy (au)
0
0

*

Occupation

Pair Overlap

a

Tilt and shift were fixed at 0.0 for this comparison.
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strength of the a bond is not surprising, but the similarity of the
bonds is surprising. The relative weakness of the

1r

1r

and 0

and 0 bonds is, however,

consistent with the large change in Cr-Cr bond length upon axial ligation
found experimentally for Cr2 «NR)OCMe)4 (R=2-xylyl). If each

1r

bond were

nearly as strong as the a bond, then one would expect axial ligation by
predominantly a donors such as H 2 0 and THF would directly weaken only the

a bond, and therefore have a small effect on the Cr-Cr distance. Another
surprising feature is that the sigma bond weakens as the bridging ligand goes
from formato to amidinato. This can be seen by the larger energy gap between

a and a*, and the larger GVB overlap for the formato complex. The a and a*
orbitals of the formato complex have greater contributions from the diffuse 4s,
and the resulting increase in overlap stabilizes the a orbital, and destabilizes
the a*. Bursten and Clark, using X-a calculations, note that involvement of
the 4s orbital will stabilize the Cr-Cr bond, but they found essentially no
involvement of the 4s orbital in the Cr-Cr a bond. 76 We find, however, a small
but significant 4s involvement in the a and a* orbitals of the formato complex.
The 4s involvement in the a bond is less for the amidato complex and smallest
for the amidinato complex.
When we add axial water ligands, the Cr-Cr bond lengthens by 0.11
the formato complex, and 0.18

A for

A for

the amidinato complex. Thus, in our

calculations the amidinato complex is almost twice as sensitive to axial
ligation as the formato complex despite the shorter Cr-O(ax) bond and greater
change in the GVB parameters for the sigma bond of the formato complex.
Donation by axial ligands will have two competing effects on the Cr-Cr bond
length. Donation to the metal decreases the charge on the Cr atoms, and
therefore weakens their electrostatic repulsion. The axial donation, however,
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weakens the Cr-Cr a bond, because it is primarily into a a "' orbital. For each
complex we can estimate the magnitude of charge reduction by the change in
core energies, and the weakening of the

C1

bond by the changes in its GVB

parameters, which are given in Table IX. We can then account for the relative
sensitivity of the tetraformato and tetraamidinato complexes to axial ligation
by the balance of these effects.
The Cr-O(ax) bond in the formato complex is shorter and presumably
stronger than that of the amidinato complex, and therefore causes a greater
change in the GVB parameters of the Cr-Cr a bond. Thus, we see in Table IX
that the

C1

bond parameters of the formato complex change more than that of

the amidinato complex. The charge on the Cr atoms, however, decreases more
for the formato complex than for the amidinato complex. This is shown by the
greater increase in the Cr core orbital potentials for the formato complex. The
lower initial charge on the Cr' atoms of the amidinato complex contributes to
the shorter bond in the absence of axial ligands, but it also makes the bond
more responsive to addition of axial ligands, because the lengthening effect of
donation into the

C1"'

orbital is not offset by decreasing charge on the metal.

The formato complex has a long Cr-Cr bond in the absence of axial ligands
due, in part, to the greater charge on the Cr atoms. The greater charge on the
Cr atoms, however, along with the lower energy of the

C1

* level, favors greater

charge transfer from the axial ligands to the metal. The lengthening of the CrCr bond upon axial ligation is, therefore, mitigated in the tetraformate
complex by the counter effect of decreased charge on the Cr atom.
From another point of view, the presence of axial ligands lessens the
difference between the Cr-Cr bond length of the tetraformate complex and the
tetraamidinate complex. The electrons donated from the axial ligands decrease
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Table IX. Changes in core orbital energies and GVB parameters upon axial
ligation.

Tetraformato

Tetraamidina to

aE 1s (au)

0.073

0.056

AE 2s (au)

0.073

0.056

Change in
0/0* gap (a.u.)

-.122

-.097

Change in GVB
o bond overlap

-.019

-.004
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the importance of donation from the bridging ligands in setting the Cr-Cr bond
distance. The weaker donation by the formato ligand, relative to the amidinato
ligand results in greater donation by the axial ligands. These results show that
the changes in Cr-Cr bond length upon changing bridging and axial ligation
are interdependent. The change in bond length upon axial ligation found for
complexes with non-carboxylate bridging ligands will differ from that of the
carboxylate complexes.
In addition to the effects described above, Benard 44 attributes the
lengthening of Cr-Cr bonds upon axial ligation to the narrowing of the

0 - 0

gap, which results in a larger CI coefficient for configurations containing
character. We find, however, very little effect on the GVB coefficients of the

0

*
*
0

bond. Addition of more basic axial ligands, such as pyridine, might have
greater effect on the CI coefficients.
Comparison with experiment for complexes without axial ligands.
The sensitivity of the Cr-Cr bond to changes in ligation, and the necessity of
using model complexes for calculations make comparisons with experiment
difficult. Crystallographic data are available for two amidato complexes of the
general formula Cr 2«N-aryl)OCMe)4 which show quite different Cr-Cr

=

=

=

distances. For aryl
Phenyl, Cr-Cr
1.873(4) A, for aryl
2-xylyl, Cr-Cr =
• 64
1.937(2) A. Cotton postulates that the Cr-Cr bond lengthens for aryl =
2-xylyl because the 2-xylyl ring twists out of the NCO plane, reducing the
conjugation of the aryl pi orbitals with the NCO pi system. 64 Thus aryl =
2-xylyl is the more appropriate comparison with the model N-H, which of
course has no extended conjugation. For the amidinato complex we compare
our results to the experimental structure for Cri(NMe)2CPh)4 (Cr-Cr =
1.843(4)

A. 75
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One should note that the uncertainties given for the experimental results
in Tables IV and V do not

~Jw~ys

represent the statistica.l factors derived from

the X-ray diffraction experiment. For some cases, especially the tetraamidato
complex, bonds which are equivalent in our calculations are inequivalent in
the space group of the crystal. In these cases we average the inequivalent
values, and report this average and standard deviation. For example, all four
C-N bonds in Cr2«NH)OCH)4 are equivalent by symmetry in our calculation.
In the X-ray structure of Cri(2-xylylNOCMe)4' however, the four C-N bonds
have a remarkable 0.1

Arange;

therefore we have averaged these four values,

and list this average and standard deviation, along with an appropriate
footnote.
Our calculated order of Cr-Cr distance for the series of complexes of the
type Cr2(02CH)4' Cr2«NH)OCH)4' Cr2«NH)2CH)4 are in agreement with
experiment. In Table X the calculated change in Cr-Cr distance is compared to
experimental

values

for

the

sequence

of bridging

ligands

1

RC(NR )2'

2
4
R CO(NR3 ), R C0 2. The geometries of the bridging ligands, and the Cr-bridge
bond parameters in general show good agreement between calculation and
experiment.

However,

a

close comparison

of the

calculated

geometry

parameters for Cr2(02CH)4 and the geometry found by electron diffraction for
Cri02CMe)4 (given in Table IV) reveals some unusual differences. The OCO
angle found by electron diffraction is 5.0 0 greater than either calculation, or xray diffraction of the hydrated acetato or formato complexes. Our calculations
show a weak dependence of this angle on the Cr-Cr distance, and it is
surprising that the angle opens as the Cr atoms move in by 0.4

A.

The electron diffraction experiment also predicts a stronger Cr-Cr bond
than one would expect from theory; it yields a force constant for the Cr-Cr
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Table X. Experimental and calculated changes in Cr-Cr bond length

Calculated

RC(NR 1)2 to R2 CO(NR3 )
R2CO(NR3 ) to HC0 2
1

RC(NR )2 to HC0 2

0.08

In

Experimental

0.094

0.11

(0.61)b

0.029 c

0.19

(0.48)d

0.123

aFar calculated results R=R 1 =R2=R 3 =H. For experimental results R =
phenyl, Rl = R2 = Me R3 = 2-xylyl (References 64 and 75) bReference 44.
cExperimental

data for the formato ligand is from electron diffraction

(referencl;l 67). dReference 41.
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bond which is four times that of the Cr-O bond. The force constant of 3.8
mdyn/A for the Cr-Cr bond obtained by electron diffraction is surprising if one
considers that the Cr-Cr stretching frequency in the

ltg

state of the bare

dimer is 427.5 cm- l which gives a force constant of 2.80 (mdyn/A).77 If the
numbers given by Fink are correct, it would indicate that the bond of the
complex is both longer, and stronger, than the bond of the bare dimer, (for
which d Cr_Cr = 1.68 A) in disagreement with Badger's rule. Badger's rule
indicates a inverse relation between bond length and force constant. 78
Based on the above considerations, we believe the Cr-Cr bond length found
by electron diffraction to be questionable. The refinement of the structure
depends upon both the force constant and the length of a bond, and we feel
that an incorrect estimate of the force constant has contributed to an error in
the Cr-Cr bond length. We propose that the change in Cr-Cr distance from the
amidato complex to acetato should be closer to 0.1

A, thus for the acetato

complex we estimate a Cr-Cr bond of 2.05 to 2.10 A, 0.10 to 0.15 A longer
than the electron diffraction result.
Comparison with experiment for complexes with axial ligands. The
paucity of complexes which have been characterized both with and without
axial ligands make comparisons of calculated and experimental changes in CrCr

bond

length

upon

axial

ligation

difficult.

Only

Cr2 «NR)OCMe)4

(R=2-xylyl) has been characterized with and without axial ligands by X-ray
crystallography. This complex, however, was characterized with axial THF and
pyridine, but not H 2 0 ligands. The calculations also underestimate the effect
of axial ligation; the change in Cr-Cr bond length upon axial ligation which is
obtained by interpolation for the amidato complex is only half the response
obtained experimentally for THF ligands. Even at a level of theory which is
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adequate for determining the structure of most transition metal complexes, the
strength of the Cr-Cr bond is underestimated. The calculated Cr-Cr bond is
long and weak without axial ligands, and does not undergo the radical change
in length which is seen experimentally upon the addition of axial ligands. The
calculations do, however, show trends in the response of Cr-Cr bonds to axial
ligation. These trends depend upon the nature and relative strength of the
calculated Cr-Cr bond, and we may compare these trends to experimental
results.
The previously mentioned experiments of Cotton and Wang57 showed that
the relatively long and weak Cr-Cr bonds of the complexes they studied were
more sensitive to changes in bridging ligand pKa than axial ligand pKa (slopes
of -0.04 and 0.008

AI(pKa unit) respectively). The complexes with "super-

short" Cr-Cr bonds, however, are relatively insensitive to changes in bridging
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ligands, and have a total range of metal-metal bond lengths of about 0.11 A.

The relative sensitivity of the metal-metal bond to bridging and axial ligation,
ACr-Cr(bridge)/ACr-Cr(ax.), increases as the Cr-Cr bond lengthens. Our
calculations show the same trend. Upon axial hydration the Cr-Cr bond
lengthens by 0.18

A for

Crl(NH)2CH)4 and 0.11

A for

Crl02CH)4' If we

assume that the response of the Cri(NH)OCH)4 complex can be interpolated
from the other two complexes, then the relative response to axial ligation for
Cr2(02CH)4' Cri(NH)OCH)4 and Cr2((NH)2CH)4 should be roughly in the
proportion 1.0 : 1.3 : 1.6 respectively.
We can compare the response of tetracarboxylato and tetraamidato
complexes to axial ligation based on the experimental results for the amidato
complex Cr 2(CNR)OCMe)4 CR=2-xylyl) to determine if the 1.0:1.3 ratio gives
consistent results for different axial ligands. The Cr-Cr bond lengthens by
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0.417 and 0.284

A

upon addition of axial pyridine and THF ligands,

respectively;63 therefore, we estimate for tetracarboxylates a bond shortening
of approximately 0.32
0.22

A upon

A for axial THF ligands.

removal of axial pyridines, and approximately
Table XI shows the qr-Cr bond lengths in some

axially ligated tetracarboxylates, along with our predicted bond shortening.
Unfortunately neither dichromium tetraformate nor tetra acetate have been
characterized with axial THF ligands; however, the pKa values for aqueous
solutions of the bridging ligands used in comparison do not differ greatly from
those of acetic acid and formic acid. 79 The predicted Cr-Cr bond length for all
cases is 2.08

+ /-

0.03

A.

This is consistent with our prediction based on the

response of the Cr-Cr bond to changes bridging ligands.
Comparison

with

previous

calculations.

Our

results

on

the

tetraformate complexes agree quite well with those of Benard,44 who
calculated Cr-Cr bond lengths of 2.58 and 2.53

A

for Cr,2C0 2CH)4 and

Cr2C02CH)iOH2)2 respectively. There is a remarkable difference, however,
between Benard's value of 1.92

A and ours of 2.38 Afor the Cr-Cr distance in

CriCNH)OCH)4' Our calculated geometry parameters for the bridging ligand
do not differ from the experimental values that Benard uses by enough to
account for this difference. The greater part of the Cr-Cr bond length difference
must be due to differences in the approximate wavefunctions. We believe that
the GVB calculation should provide consistent results for D 4h and D 2d
symmetries, and perhaps, as noted in the Theory section, the CI has not
properly delocalized the Cr-Cr bond in Benard's calculation, and the bond is too
short because it is still dominated by the localized RHF component of the
wa vefunction.
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Table XI. Predicted shortening of Cr-Cr bonds upon removal of axial ligands.
axial ligands from Cr2(02CH)4L2 complexes

R

L

Ha

Pyr

2.41

2.31

2.09

Pyr

2.37

2.34

2.05

2-phenyl-PhC

THF

2.32

2.28

2.10

d

Et20

2.30

2.30

2.08

Me

b

C(Ph)3

Predicted d Cr-Cr

8Reference 59 bReference 61 cReference 65 dReference 66
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Some calculations do give short Cr-Cr bonds. Ziegler calculated a Cr-Cr
•

bond length of 1.87 A Hartree-Fock-Slater (HFS) calculations.

49

Thus, the

HFS method predicts a shorter Cr-Cr bond than that obtained by electron
diffraction. The bridging ligand geometry used in Ziegler's calculation was
obtained from the gas phase electron diffraction of Kektar and Fink, and "the
metal-metal distance

~M

was varied under the constraint of fixed M-O

distances, with the rest of the molecule rigid.". Goddard has developed a
modified GVB (M-GVB) program which uses empirical corrections for certain
two electron integrals, and using this progTam he has calculated a short bond
for Cr2. 80 These systems are very difficult to describe theoretically and
experience has shown that an isolated calculation can get the "right" answer
for the wrong reason. It would be useful to know how well these methods
handle the well studied trends, rather than isolated controversial cases.

Conclusion
GVB calculations do not provide correct absolute values for Cr-Cr bond
length, but they do provide a wavefunctions wiih the correct physical
properties, which we may use to accurately predict trends. Therefore, we
cannot predict a priori Cr-Cr bond lengths, but we can indicate responses of
Cr-Cr bond lengths to changes in bridging ligation, and relative responses to
axial ligation. Our calculations indicate that the Cr-Cr bond length in
anhydrous dichromium tetraacetate should be longer than either the amidato
or amidinato complexes. Our calculations of the response of Cr-Cr bond length
both to changes in the bridging ligands, and relative changes in Cr-Cr bond
length upon axial ligation, are consistent with a Cr-Cr bond length of
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2.05-2.10

A for

dichromium tetraacetate. We also conclude that the bridging

and axial ligands do not effect the Cr-Cr bond length independently, but
cooperatively. Bridging ligands with lower electronegativity result in shorter
Cr-Cr bonds, but they also make the change in bond length upon axial ligation
greater.
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CHAPTER IV

THEORETICAL STUDY OF CIS LABILIZATION IN CARBONYL
SUBSTITUTION

Introduction
Carbonyl dissociation is the first step in many ligand substitution
reactions in organometallic chemistry. Therefore, much attention has been
given to the relative lability of carbonyls in different complexes, or
inequivalent carbonyls in a given complex. Because the relative lability of
carbonyls implies certain patterns of reactivity, the rational design of
synthesis, and the development of catalysts depend on an understanding .of
labiliztion of carbonyls in various environments.
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To understand labilization

one must, in turn, understand the bonding of metal carbonyls and how these
bonds are changed by the presence of an heteroligand. The effect of an
heteroligand is, however, a complex mixture of effects; the
the heteroligand, the

7r

0

donor ability of

donor or acceptor interaction, and the size of the ligand

will all influence the metal-carbonyl bonds, often in opposite ways.
Prior to 1970, Angelici had classified various ligands as either labilizing or
nonlabilizing relative to carbonyl. 82 Later experiments have shown that
carbonyls cis to

heteroligands that are weaker

7r

acceptors and stronger

0

donors than carbonyls, are labilized to a greater extent than those trans to
such ligands. 83-85 Although such a pattern emerges, the underlying causes
have proven difficult to assess, and different theories have been advanced. In
such cases a theoretical approach can be especially useful, particularly when
one desires information about reactive intermediates, which are difficult to
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study experimentally. One can use theory to separate and examine underlying
causes for cis labilization. We have therefore undertaken an ab initio study of
cis labilization in monosubstituted carbonyls. It is necessary to begin, however,
with a brief review of the results of experiments on cis labilization, the theories
put forward to explain these results, and some important questions that
remain unanswered.
An early controversy arose in the study of CO exchange for Mn(CO)5X (X=
Cl, Br, I). On the basis of 14CO exchange studies Basolo and Wojcicki 86
concluded that the four carbonyls cis to X exchange at a faster rate than the
trans carbonyl. Hieber and Wollman reached the same conclusion for X = Cl
and Br based on similar experiments. 87 Johnson et aI., however, followed
C l8 0 exchange for Mn(CO)5X (X = Cl, Br) by means of IR spectroscopy, and
concluded that the rates of cis and trans exchange were the same.

88

Brown, in

reply, stated that the reasoning in the paper by Johnson et al. violated the
principle of microscopic reversibility, and suggested a different interpretation
of the experimental results, namely isomerization of the hexacoordinate ground
state. 89 Brown's statements on microscopic reversibililty have, in turn, been
challenged recently by Jackson 11 (vide infra).
In 1975 Atwood and Brown published the first of a series of papers on the
labilization of the cis carbonyls of M(CO)5L complexes. 83 In this first paper
Atwood and Brown monitored substitution of

13 CO

for CO in M(CO)5Br

complexes (M = Re, Mn) by means of infrared spectroscopy. They determined
that CO dissociation was the rate determining step in the substitution, and
that the rate constant for cis dissociation was ten times that of trans. They
also gave evidence that the five coordinate intermediate produced by CO loss is
fluxional. In subsequent papers Atwood and Brown postulated a site preference
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model for cis labilization. 84 ,85 According to this model the loss of a cis CO is
favored because the labilizing ligand prefers to occupy a basal site in the
square planar intermediate. They concluded that ligands which are weak
donors and poorer

7r

0

acceptors than CO will in general prefer the basal site of

the square pyramid, and will, therefore, be cis labilizing, and that this
preference would decrease as the

0

donor and

7r

acceptor ability increase.

The reason for the site preference, however is not completely clear. The site
preference could be due to a stronger M-C bond trans to the heteroligand, or
greater relaxation of the fragment afforded by cis loss. A molecular orbital
study

by

Lichtenberger

and

Brown

on

Mn(CO)5Br

indicated

little

strengthening of the trans M-C bond relative to the cis in the ground state of
the molecule. 9o A partial optimization (Br-M-C angles) of the fragments due to
both cis and trans loss showed substantially greater relaxation energy for cis
loss. They proposed that the site preference was due to transition state
relaxation, rather than ground state strengthening of the trans M-C bond.
They also proposed a C2v structure for the cis-loss fragment, and a mechanism
for its fiuxionality.
More recently, however, work by Atwood and coworkers on Cr(CO)4L2
(L=phosphine

or

phosphite)

have

led

them

to

modify

the

earlier

conclusions. 91 ,92 They affirm that labilization is a transition state effect; the
transition state of an unsaturated intermediate is lowered by the replacement
of a CO ligand by a better donor such as a phosphine. The preference for cis
loss, however, is attributed to the strengthening of the trans M-C bond apart
from any relaxation effects in the intermediate. If a carbonyl is replaced by a
ligand which is a weaker

7r

acceptor, the trans M-C bond should be

strengthened relative to the cis bond. This is because the trans carbonyl
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competes with the weaker

1r

acid in both of its

1r

planes, whereas the cis still

competes with all carbonyls in one plane. This argument is supported by
crystal structures of several M(CO)sL complexes in which the M-Ctrans bonds
8s
are shorter than the M-Ccis bonds.
Several studies carried out by Dobson and coworkers have indicated that
the five coordinate M(CO)s complex generated by CO loss is fluxional. 93-96 A
fluxional intermediate complicates the determination of the relative cis and
trans dissociation rates. Dobson and coworkers carefully controlled reaction
conditions in order to introduce l3CO stereospecifically into L 2M(CO)4
complexes (L 2 is a bidentate ligand). The labelled fac-Li13CO)MCCO)3
complex then underwent ligand substitution via CO dissociation as shown in
equation 1.
13
L' + fac-L 2C13CO)M(CO)3 .... fac-L' (L 2)MC CO)(CO)2

1.

DU,ring the substitution reaction the l3CO is scrambled among the remaining
three carbonyls. The pattern of scrambling indicated that CO loss was
exclusively axial Ccis to both of the bidentate ligand coordination

si~s),

and

that the scrambling occured without opening a coordination site in the
equatorial plane. Thus, at no time was a coordination site trans to a
heteroligand open. 96 This is similar to the scheme of Lichtenberger and
Brown, which also allowed trans incorporation without opening the trans
coordination site. 9o
Darensbourg and coworkers used l3C NMR to examine the ligand
dissociation reactions of group 6B carbonyls. In experiments pertinent to this
study, they found that substitution of l3CO for L (L=phosphine or phosphite)
in both cis- and trans-Mo(CO)4L2 gave cis-C13CO)Mo(CO)4L.97 Another paper
by Darensbourg et al. reported that the reaction of trans-Cr(C0 4)(PPh 3)2 with
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13CO initially produces only cis-Cr(CO)i13CO)(PPh3)' but eventually a
statistical distribution of cis and trans product is formed. 98 These experiments
were performed under conditions that allowed dissociation of the heteroligand
alone; therefore, it was concluded that the five coordinate intermediate
M(CO)4L rearranges from the trans vacancy isomer to the cis vacancy isomer
in these complexes, and the Cr(CO)sL complex is fluxional in the ground state.
In a very recent publication Jackson l l has challenged some of the
conclusions of Brown and coworkers. 89 Jackson shows that the kinetics of cis
and trans CO substitution depend upon the fluxionality of the intermediate,
and concludes that the early data 86 •87 are consistent with a nonfluxional
intermediate. A possible explanation for trans incorporation apart from a
fluxional intermediate is non-dissociative rearrangement. Darensbourg and
coworkers have done a series of studies on nondissociative fluxionality in
octahedral species. 98- lOO Darensbourg has shown that Cr(CO)s(PPh 3), as well
as the complexes MO(CO)4(PRs)2 (R = Et, n-Bu) are fluxional. Thus, it is
possible that some rearrangements attributed to intermediates could be
occuring in the ground state. 89
In order to clarify the energetics of CO dissociation, we have calculated the
energies and geometries of both the ground states, and five coordinate
intermediates for monosubstituted group 6B carbonyl complexes. It is possible
to theoretically determine bond strengths and geometries both for the ground
state, and the experimentally less accessible transition state. Transition metal
complexes are, however, usually too large to permit theoretical determinations
that are accurate enough to make a priori predictions of bond strength. Theory
can, however, determine accurate relative energies, and provide a basis for
interpreting experimental results. In their theoretical study, Lichtenberger and
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Brown used the Fenske-Hall lOI method, and they were limited to point by
point evaluation of only a limited number of geometrical parameters. For this
study, complete geometry optimizations have been carried out at the HartreeFock-Roothaan level for ground states, intermediates, and transition states of
some M(CO)5L complexes. In a theoretical study one can separate effects and
evaluate their relative importance.

This ability

will provide answers to

several questions. What is the relative importance of ground and transition
state effects for stereospecific cis labilization? What is the importance of

7r

effects? Do calculations support the fluxionality of the five coordinate
intermediate, and is the calculated mechanism consistent with the many
experimental studies? The energetics of nondissociative rearrangement of
Cr(CO)6 will also be examined in order to assess possible modes of
rearrangement.
Theory
All calculations were performed at the restricted Hartree-Fock (RHF) level
of approximation. In general electron correlation is essential to describe bond
dissociation. The thermal dissociation of CO, however, leaves two closed shell
fragments; therefore, for these complexes a reasonable estimate of the
dissociation energy can be obtained at the Hartree-Fock level. The purpose of
this paper is not the calculation of the exact dissociation energies for CO loss,
but of the relative energies of dissociation of inequivalent carbonyls of the
same complex. In other words, the questions depend on relative energies of
different geometries of a given M(CO)4L complex, and the energy of
interconversion between different geometries. Correlation and basis set errors
should remain nearly constant for these comparisons, and the results obtained
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at the RHF level with a modest basis set should be qualitatively reliable.
Recent calculations by Daniel and Veillard have noted that adding electron
correlation to an Hartree-Fock calculation on Mo(CO)4(NH s) leaves the
relative

stability

of

different

singlet

state

geometries

practically

unchanged. 102
The basis sets on the metal are the modifications of the Huzinaga basis
sets due to Williamson and Hall. 74 The final basis set on each metal is
(432-421-31) where the radial parts of the 3d functions have been retained. All
other basis sets are due to Huzinaga. 7s The basis sets on C, 0, N are the
(33,3) basis sets split to (321,21), and those for Cl, and P are the (333,33) sets
split to (3321,321). The basis set for H atom was Huzinaga's contraction of
three gaussians in the NHs and PHs groups. To describe the hydride ion in
MnH(CO)5' the most diffuse function is split off to form a (21) basis. All
optimized

geometries

were

obtained

by

analytical

gradient

methods.

Convergence in the geometry was defined by a maximum gradient of .00225
Hartree/radian or au and an average gradient of .00015 Hartree/radian or au.
The three independent carbonyl sites of the cis-loss fragment are labelled
as shown in Figure 11. The cis-loss fragments have only Cs symmetry, which
allows a large number of degrees of freedom, particularly for the carbonyls in
the cis,cis sites. Both the cis,cis sites are allowed to completely optimize the
orientation of the carbonyl except for symmetry restraints. This is most easily
accomplished in by using local spherical-polar coordinates. This is also shown
in Figure 11. A dummy atom was placed in the vacant coordination site, and
the carbon atom location was determined by the M-C distance, the L-M-C
angle, and the dihedral angle from the L-M-X plane to the L-M-C plane. To
determine the 0 atom location for the cis,cis site a dummy atom was located on
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L

cisJcis
cis"trllns

A.

L
L

,

x

l'tl

o

B.
Figure 11. Labelling and variabel scheme for cis loss geometry optimizations.
X's indicate dummy atoms.
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the cis carbon in the L-M-C plane at right angles to the M-C bond. The oxygen
location was then defined by the C-O distance, the X-C-O angle, and the
dihedral angle from the L-M-C plane to the X-C-O plane. The cis,trans and
trans,cis carbonyls can change only the L-M-C and M-C-O bond angles, because
they are restrained to lie in the Cs symmetry plane. The energy of
rearrangement between cis- and trans-loss fragments were calculated by fixing
the (Ccis,trans)-M-(Ctrans,cis) angle at various values and optimizing all other
parameters.
Results and Discussion
The results fall into three parts, and each part addresses a question raised
by experimental studies.

In the first section we will examine the optimal

geometries of both the ground states and intermediates, and relate them to the
energetics of cis and trans carbonyl loss. In this section the ground state and
relaxation effects will be evaluated separately, in order to determine their
relative importance for each complex. In the second section the energetics of
interconversion of the intermediates due to cis and trans dissociation will be
presented. These results should give a clearer theoretical understanding of the
pattern of multiple substitutions of labelled CO molecules, and will allow us to
address the questions raised by Jackson about the incompatibility of a rapidly
interconverting intermediate with the experimental results.

ll

Finally, in the

third section the energetics of two possible modes of rearrangement in the
hexa-coordinate Cr(CO)6 will be examined. The results for Cr(CO)6 are simpler
to calculate than Cr(CO)5PH3' and will give similar relative energies of
rearrangement.
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Two matters of terminology should be noted. The term "ground state
effects" describe effects that can be seen in ground state properties, such as
differences in bond lengths, and vibrational frequencies. The term "relaxation
effects" describe those effects which are shown by the relaxafion of a five
coordinate fragment from a frozen ground state geometry. This is a more
precise term for describing the results presented here than "transition state
effects" which has been previously used in the literature. Our calculations
indicate no energy barrier for the recombination of CO with the M(CO)4L
fragment in the gas phase. Therefore, according to these calculations, any
barrier to recombination which is found by experiment is due to the energy
required for the carbonyl to displace a weakly bound solvent molecule. This is
in agreement with the flash photolysis studies of Simon et aI.,103 which
indicated that the photofragment [Cr(CO)5 J is deactivated by solvent within
0.8 ps. The term "transition state" is not appropriate for the optimized
fragments, because they do not have any imaginary force constants. Since we
calculate the barrier to recombination to be essentially zero, the calculated
energy of the fragment is indistinguishable from that of the gas-phase
transition state. The optimized fragments could be classified as intermediates,
because they are stable for the time required for a CO to diffuse close enough
to recombine; therefore, they will be refered to as either intermediates, or

simply optimized fragments.
Optimal geometries and their energies. The optimal geometries of the
ground states are given in Table XII with appropriate experimental
comparisons, and are shown in Figure 12. The calculated geometries are for
the most part in good agreement with experiment. The notable exception is the
Mn(CO)5CI complex. It has been previously noted

74104
'
that correct absolute
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Table XII. Geometry parameters for ground states of model complexes. (Units
are angstroms and degrees.)

Calc.

Exper.

Calc.

Cr(CO)5PH aa

Cr(CO)5NH a

M-L

2.51

2.422(1)

2.27

M-Ccis

1.90

1.880(5)

1.91

M-Ctrans

1.88

1.845(5)

1.86

C-Ocis

1.143

1.147(6)

1.143

C-Otrans

1.144

1.154(5)

1.147

L-M-C

89.8

95.0(5)

91.1

X-C-O

89.9

85.8(3)

89.7

L-H

1.41

1.02

Mn(CO)5 HC

Mn(CO)5 Clb
M-L

2.46

M-Ccis

Exper.

d

2.367(4)

1.60

1.601(16)

1.97

1.893(6)

1.90

1.852(12)

M-Ctrans

1.93

1.807(9)

1.90

1.822(12)

C-Ocis

1.127

1.109(8)

1.133

1.130(9)

C-Otrans

1.131

1.122(11)

1.134

1.143(9)

L-M-C

84.9

88.3(2)

82.3

83.0(8)

X-C-O

85.8

88.0(6)

83.8

87.3(7)

aReference 105 bReference 106 cReference 107
d With

a polarization function on CI the value is 2.43
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Mn(CO)5H

Mn(CO)5CI

Cr(CO)5 PR3

Cr(CO)5NH3

Figure 12. Ground state geometries for M(CO)sL complexes.
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values for metal-CI bond lengths are difficult to obtain theoretically, and
require larger basis sets than those used here. The relative strength of the
interaction between the cis and trans carbonyl and the metal, however, agrees
more closely with experiment than the absolute values of the bond lengths, and
only these relative values are crucial to this study. The effect of a polarization
function was tested by adding a single d function (exponent = 0.514 7a ) to the
chloride and reoptimizing the ground state. The Mn-CI bond shortened by .03

A, but none of the other parameters changed significantly.
In each complex the M-Ccis bond is shorter than the M-Ctrans This
consistent with the usual

7r

backbonding arguments; the extent of

backbonding to a CO group increases as the

7r

IS

7r

acceptor ability of a

heteroligand competing for back-bonding electrons decreases. The trans bond is
strengthened relative to the cis because both
but only one of the two cis carbonyl
interact with the

7r

7r

7r

orbitals of the trans carbonyl,

orbitals, are of appropriate symmetry to

orbitals of the heteroligand. The differences between M-C cis

and M-Ctrans and C-Ocis and C-Otrans are smallest for Cr(CO)5PHa and
Mn(CO)5H. This is what one would expect, based on the

< NHa < H < PHa < CO. As the

7r

7r

accepting order

cr

accepting ability of a heteroligand

approaches that of CO, the difference between cis and trans carbonyl bonding
should decrease. Thus, CI causes a greater difference between cis and trans
bonds than hydride, and NHa causes a greater difference than PHs.
The hydride ion has no

7r

accepting ability at all, and one would therefore

expect a substantial difference between cis and trans bond lengths. Both the
calculated and experimental bond lengths, however, show only modest
differences between cis and trans bond lengths in Mn(CO)5H. The hydride ion
is calculated to be an exceptional donor; according to the population analysis
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its charge is only -0.12 in the ground state, which makes it much closer to a
neutral atom than an H- ion. Goddard has noted that the metal-hydride bond
is very much like a covalent bond/oB in other molecules, and our calculations
would support this view of the Mn-H bond in Mn(CO)5H.
The effect of the ground state differences between cis and trans bonding on
the energetics of CO dissociation can be evaluated theoretically, apart from
any relaxation effects, by calculating the energy of the cis and trans loss
fragments which have been frozen in the ground state geometries. The
contribution of relaxation to the cis/trans energy difference by optimizing the
geometries of the penta-coordinate fragments may then be determined. The
energies of cis and trans loss are given in Table XIII. Optimized fragment
geometries are given in Tables XIV, and XV, and shown in Figures 13 and 14.
The optimized transition state geometries for trans loss are nearly square
pyramidal in all four complexes. The optimized cis loss geometries show some
variety

in

their

relaxed

geometries.

The

complexes

Mn(CO)4Cl

and

Cr(CO)4NH3 differ most from a square pyramid upon cis loss. They do not,
however, assume a trigonal bipyramidal structure. The Ccis,trans-M-Ctrans,cis
bond angle remains smaller than 120

0
,

in agreement with the calculations of

Daniel and Veillard. 102
The energy differences in Table XIII are small, and given the modest size of
the basis set used, the energy differences should be used to establish trends.
They are estimates of the relative importance of ground state and relaxation
effects, and they indicate under what circumstances relaxation effects will be
important. It is encouraging to note that the general difference between the
energies of CO loss for the chromium and manganese complexes agrees with
the experimental data compiled by Brown. 85 One would expect the neutral
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Table XIII. Calculated energies (in kcal) for CO dissociation.

Trans Loss
flx.

reI.

Mn(CO)5CI

20.8

19.9

Mn(CO)5H

18.3

Cr(CO)5PH a
Cr(CO)5NH a

Cis Loss
flx.

reI.

0.9

18.5

14.4

4.1

17.4

0.9

15.5

14.4

1.1

31.1

30.9

0.2

28.7

26.9

1.8

32.5

31.9

0.6

26.8

23.1

3.7

Trans - Cis
flx.

reI.

Mn(CO)5CI

2.3

5.5

3.2

Mn(CO)5H

2.8

3.1

0.3

Cr(CO)5PH a

2.4

4.0

1.6

Cr(CO)5NH a

5.7

8.8

3.1
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Table XIV. Calculated optimal geometries for cis loss fragments. (Units of
angstroms and degrees, the variables are labelled as in Figure 11.)

2.54

2.23

1.63

2.38

cis ,cis

1.90

1.90

98

1.89

cis,trans

1.88

1.86

1.94

1.90

trans ,cis

1.87

1.85

1.94

1.91

cis,cis

1.144

1.144

1.127

1.134

cis,trans

1.147

1.150

1.130

1.135

trans ,cis

1.148

1.150

1.129

1.134

cis ,cis

89.5

90.0

87.9

cis ,trans

168.4

154.3

154.6

174.4

trans,cis

97.8

110.8

108.6

87.1

90.8

85.8

81.5

cis ,trans

180.0

177.4

179.1

181.6

trans ,cis

178.1

176.3

174.7

170.8

tilt

181.6

181.8

178.6

179.4

wag

180.8

182.0

175.4

172.4

M-L
M-C

C-O

L-M-C

X-M-Ccis,cis
90.0
M-C-O
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Table XIV continued

L-H

1.42

1.02

M-L-H

120.0

109.8
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Table XV. Calculated optimal geometries for trans loss fragments. (Units are
angstroms and degrees.)

M-L

1.88

1.86

1.93

1.89

M-C

1.91

1.91

1.98

1.90

C-O

1.145

1.145

1.128

1.134

L-M-C

90.1

89.7

87.0

84.1

M-C-O

178.1

178.1

175.4

172.3

L-H

1.41

1.02

M-L-H

118.8

109.9
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Cr(CO)4NH3
Figure 13. Calculated optimal geometries of cis loss fragments.
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Mn(CO)4CI

Figure 14. Calculated optimal geometries of trans loss fragments.
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chromium complexes to have stronger

1r

donation to the carbonyls, and require

more energy to dissociate either the cis or trans carbonyl. The experimental
data show a difference of 106 between the rate constants for CO loss from
Cr(CO)5PPha and Mn(CO)5Cl at 30° C. This corresponds to a difference in
activation energies of about 8 - 9 kcal (assuming an Arrhenius expression for
the rate constant, and similar pre-exponential factors), which is in good
agreement with the 12 kcal difference calculated here. Our calculations
underestimate the strength of the Mn-carbonyl interaction in part because
Hartree-Fock calculations overestimate the ionic nature of Mn +, and they do
not allow enough

1r

backbonding to the carbonyl.

Brown notes that Mn(CO)5H does not undergo dissociative CO 10ss;85
rather, it may undergo hydride migration. 85 The barrier to hydride migration
at the Hartree-Fock level in the basis used here is about 18 kcal, which is
higher than the barrier to cis carbonyl loss. As noted above, however, the
absolute value of the calculated Mn-carbonyl interaction is probably too weak
by 3 to 4 kcal, which would make the barrier to hydride migration similar to
that for cis carbonyl loss. In the present study only the hydride's effect on cis
and trans carbonyl loss is of interest; therefore, the presence of a lower energy
pathway to opening a coordination site will not effect the conclusions.
Table XIII, and the optimized geometries of the fragments, provide clues to
the relative importance of ground and transition state effects. Again, it should
be emphasized that the energy differences calculated here are small, and one
must use both the geometry and the energies as indicators of the importance of
relaxation effects. If only ground state effects were involved, then all of the
energy difference between cis and trans CO loss should be apparent even when
the fragment is not allowed to relax. If only relaxation effects are important,
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the relative energies of the frozen cis and trans loss geometries should be
nearly equivalent. As shown in Table XIII, the relaxation energies of the trans
loss fragments are small and nearly equal among the complexes. Relaxation is
most important for the cis loss fragments, and they show significant differences
in relaxation

energies,

and optimized

geometries.

Therefore,

we

will

concentrate on the rearrangement energy of the cis loss fragment. As one
might expect, most cases lie between the two extremes of all ground state or all
relaxation effects. Only for Mn(CO)4H is the difference between cis and trans
loss almost entirely a ground state effect. When allowed to relax, the cis loss
fragment of Mn(CO) 4H shows almost no change in geometry from the ground
state. For Mn(CO)4Cl relaxation makes up a slightly greater portion of the
overall energy difference between cis and trans loss. For both of the chromium
complexes a slightly greater portion of the cis/trans energy difference is present
prior to relaxation.
Both the ground state and relaxation energies of cis and trans loss will
depend on the o' and

11'

bonding characteristics of the heteroligand. Hoffmann

and Rossi concluded from extended Huckel calculations that strong sigma
donors should prefer the apical site in d 6 complexes and weak
poor

11'

(J

donors and

acceptors should prefer basal sites. 109 On this basis one might expect

that the hydride, which is an exceptional

(J

donor, and has no

11'

effects, might

prefer the apical site. We calculate, however, a slight preference for the basal
site. This could mean that

11'

interactions dominate the basal/apical preference,

or that the validity of the simple overlap analysis breaks down in the hydride
case. A strong a donor is expected to weaken the trans bond by raising the d

z

2

orbital level, but the calculated metal - hydride interaction has a strong sPz
component, which would allow the d

z

2

orbital to remain lower in energy.
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Although calculations do not show a clear predominance of either ground
state or relaxation effects in all cases, they do show the importance of

7r

donor

and acceptor interactions. For each metal, the heteroligand which is the
stronger

7r

donor (NH 3 on Cr, and

cr on

Mn) shows greater cis/trans energy

difference both in the frozen and optimized fragments. The ground state effects
of the various heteroligands, which are shown by the relative energies of the
frozen cis and trans loss fragments, are in agreement with previously given
rationale (vide supra). The optimized fragment geometries and energies,
however, are, in some respects, surprising. Although the NH3 group can be
considered a

7r

donor, it is very weak compared to

cr;

however, the cis loss

fragment geometries and relaxation energies of Mn(CO)sCl and Cr(CO)sNH 3
are quite similar. Even a very weak

7r

donor is calculated to cause

rearrangement of the cis loss fragment, but the PH 3 group, and the hydride ion
cause little geometry change, and provide little relaxation energy upon cis loss.
Atwood postulated that heteroligands that are good

0

donors are labilizing

relative to carbonyls (apart from any cis/trans preference) because increased
donation stabilizes the 16 electron transition state. Based on this theory, one
might expect increased donation to the metal from heteroligand in the cis loss
fragment over the ground state. Table XVI shows that, for the two

7r

donor

ligands Cland NH 3, donation increases upon cis loss, whereas it decreases for
PH 3 and H-. The changes in donation in all cases are small but they
consistently show that the relaxation effects are tied to the

7r

donor ability of

the heteroligand. For the low valent complexes considered here, that the
relaxation energy for cis loss is greater for

7r

donors than acceptors because the

donor can effectively coordinate the cis vacancy. Lichtenberger and Brown
reached similar conclusions using Fenske-Hall calculations. 9o When the cis
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Table XVI. Mulliken populations on the heteroligands in the ground state and
cis loss fragments.

Heteroligand

Ground State

Cis Loss

17.54

17.50

9.90

9.89

1.12

1.19

17.82

17.86

89

\al~"-

Figure 15. The a and

1r

~O

([0>--

orbitals of the cis loss fragment.
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carbonyl is lost the fragment rearranges to allow the halide ion to become both
a

(J

and

1r

donor as shown in Figure 15 Although Lichtenberger and Brown

provisionally wrote a trigonal bipyramidal fragment geometry, the trigonal
bipyramid remains a maximum connecting two Cs symmetry minima, as
discussed below. The increase in

1r

donation brought about by the geometry

relaxation does not necessarily affect the charge on the metal, but it
strengthens both the M-L bond, and the metal - carbonyl bonds which lie in
the Cs plane (the cis,trans and trans,cis sites of Figure 11). The bond
strengthening can be seen by comparing the ground state geometry with the cis
fragment geometry for the chromium ammine and manganese chloride
complexes. The M-(CO)trans interaction weakens slightly as indicated by the
longer M-C bond, and the shorter C-O bond. The M-(CO)cis interaction in the
symmetry plane, however, becomes substantially stronger.
The change in some bond lengths upon CO loss are given in Table XVII.
The relaxation of the cis loss fragment provides better distribution of the
electrons donated by the heteroligand. Based on this principle, one would
predict that cis loss fragments should show greater rearrangement as the ratio
of

1r

to

(J

donating ability increases. Some references 110 show the heteroligand
6

along the axis of the trigonal bipyramid, but for the d complexes studied here
it prefers the equatorial plane by 3 to 9 kcal, and this preference increases as
the ability of the ligand to
The importance of the

1r
1r

donate increases.
interaction to cis labilization can be seen the cis

labilizing sequence given by Atwood and Brown: 85 H-, < P(OPh)3 < PPh 3 <

cr . Our results indicate that ligands which are

1r

donors stabilize the cis loss

relative to trans by both strengthening the trans bond in the ground state, and
providing more relaxation energy for cis loss than trans. For ligands which are
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Table XVII. Calculated changes of some bond lengths upon carbonyl loss.
(Units are angstroms)

Cis Loss
M-L

0.03

-0.04

-0.08

0.02

cis,cis

-0.01

-0.01

0.01

0.0

cis ,trans

0.0

-0.01

0.01

0.02

trans ,cis

-0.04

-0.06

-0.03

0.02

M-C

Trans Loss
M-L

0.04

0.01

0.0

0.01

M-C

0.01

0.0

0.0

0.01
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only weak

11'

acceptors, the overall cis labilization should more closely resemble

the ground state strengthening alone. Because the studies of Atwood et al.
involved the weak

11'

acceptor ligands PR3 and P(OR)3,91,111 it is not

surprising, based on our calculations, that they should conclued that. most of
the labilizing influence of these ligands is independent of relaxation. However,
our calculations also show that the relative importance of ground state effects
is less for ligands such as ClBoth ground state and relaxation effects are
important in cis labilization; the nature of L determines which will be most
important.

Cis - Trans rearrangement. Figures 16 and 17 show the energies of
conversion between the optimized cis and trans loss fragments of Cr(CO)4PH3
and Mn(CO)4Cl respectively. For each of these complexes the calculated barrier
for trans to cis conversion is about 10 kcal without zero point corrections.
Typical C-M-C bending vibrations in carbonyls, however, are in the range of 80
to 100 cm- 1;1l2 therefore, a zero point correction would be less than 1 kcal.
The barrier's maximum is where the carbonyl must move past a filled orbital.
As the complex climbs the barrier, the metal - carbon bonds in the symmetry
plane lengthen, and the M-C-O bond bends in order to reduce the repulsion
between the CO

0

orbital, and the occupied metal orbital. For Mn(CO)4Cl, the

calculated M-Ccis,trans bond becomes very long at 145 0 (greater than 2.5

A).

To calculate the energy of rearrangement, the Mn-Ccis,trans bond length is
constrained to 2.3

A at

this point. At the level of theory used here, carbonyl

dissociation is a lower energy path than rearrangement for this complex. For
Cr(CO)4PH3 the metal-carbonyl bond is stronger, and shows no tendency to
dissociate during rearrangement.
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Figure 16. Energy and geometries of trans vacancy to cis vacancy conversion
for Cr(CO)4PH 3 •
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Figure 17. Energy and geometries of trans vacancy to cis vacancy conversion
for l\1n(CO)4Cl. Note that the Mn-Ccis trans bond has been constrained to
2.30 A for the 145 0 point.
'
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Clearly the calculated energy required to dissociate a cis carbonyl and
continue over the cis - trans barrier to the trans geometry is much larger than
the calculated barrier to simple trans loss. Therefore, there should be very slow
conversion from cis to trans loss geometries upon thermal dissociation of cis
CO from these M(CO)5L complexes. However, upon dissociation of a trans
ligand L from M(CO)4L2' calculations would predict a trans vacancy to cis
vacancy rearrangement with a barrier of less than 10 kcal. Whether or not this
rearrangement is seen in solution will depend upon the lifetime of the five
coordinate intermediate. As noted above the photofragment [Cr(CO)51 is
deactivated within 0.8 ps, based on this rapid coordination of the intermediate,
a 10 kcal barrier would prohibit isomerization. This is in agreement with
Recent studies by Dobson et al. 113 on L' LW(CO)4 (L'

= piperidine,

L

=a

phosphine or phosphite). They conclude that recombination with solvent upon
photolysis of L' is too rapid to allow isomerization in the five coordinate
intermediate, based on the observation of separate decay rates for cis and trans
vacancy intermediates. Darensbourg et al.,98,97 however, have shown that
substitution of 13CO for PPh 3 in trans-Cr(CO)4(PPh 3)2 initially gives only
cis-(13CO)Cr(CO)iPPh3). They conclude that a trans vacancy to cis vacancy
4
rearrangement occurs with a rate constant of at least 3 x 10 , because the rate
of rearrangement must be faster than the rate of recombination with CO.
Thus, calculations on Cr complexes with small ligands (PH 3) and experiments
on

tungsten

complexes

114

would

indicate

no

rearrangement,

but

rearrangement is observed for chromium complexes.
The different results could be due to steric factors. A bulky phosphine
ligand will destabilize the trans loss intermediate and therefore lower the
activation energy for trans vacancy to cis vacancy conversion. Our calculations
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use the model ligand PH 3 ; therefore, they underestimate steric effects.
Complexes of tungsten will also show less steric effect than complexes of the
much smaller Cr.
Although a large barrier is calculated for direct conversion from the
cis to the trans geometry, Lichtenberger and Brown proposed an indirect
mechanism for trans incorporation in multiple substitution processes. 90 Their
mechanism, modified to correspond with the optimal fragment geometries
obtained in this study, is shown in Figure 18. This mechanism involves a cisto-cis conversion in which the trans coordination site is never available for an
incoming ligand. This conversion is also very similar to that postulated by
Hofmann and Caulton from their experimental study of penta-coordinate d 6
complexes in solution. 115 The barrier to this transition is very small, less than
1 kcal, and it should be noted that the transition state for this interconversion
is nearly identical to the lowest energy geometry in the study of Lichtenberger
and Brown; they could not have found the minimum predicted here because
they

maintained

C 2v

symmetry.

The

indirect

mechanism

for

trans

incorporation also agrees with the experiments of Dobson and coworkers. 93-96
Their experiments indicated a fluxional process in which the sites trans to
heteroatoms were never open for substitution. The five coordinate intermediate
in their study is shown in Figure 19. 94 A "cis to cis" rearrangement like that
shown in Figure 18 can occur in either of the two planes that contain a
heteroatom, the metal and the vacant site, as is also shown in Figure 19.
These cis to cis rearrangements would scramble the labelled carbonyl but
would never allow direct trans incorporation. Our calculations indicate that
this process has a very small energy barrier.

9i

-I keel

Figure 18. Cis to cis geometry conversion for Mn(CO)4Cl. Note that the
geometry at the peak r&f the barrier is essentially that obtained by
Lichtenberger and Brown 9 .
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Figure 19. The rearrangement postulated by Dobson et al. is shown at top.
This can be accomplished by a cis to cis rearrangement, as is shown by
looking at a single plane.
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An important question is whether the indirect incorporation of trans label
is consistent with the early radiolabelling experiments. These experiments
indicated that the rates of loss of radioactively labelled CO from cis and trans
positions differed for Mn(CO)4Br.86,87 Jackson has noted that this implies
that the cis and trans loss fragments do not rapidly interconvert,ll and our
calculations support this conclusion. In the indirect mechanism, although only
cis carbonyls are dissociated, the observed rates of cis and trans incorporation
of radioactive label will differ by a statistical factor. Neither the labelling
experiment of of Basolo and Wojcicki 86 nor the IR study of Johnson

88

,appear

to us to be precise enough to differentiate between this possibility, and simple
trans loss and incorporation.

Non-dissociative

fluxionality

of Cr(CO)6. The stability of the
octahedral geometry for hexa-coordinate d 6 complexes is generally taken for
granted. Any movement of the ligands from their octahedral sites brings them
closer to an occupied metal orbital, therefore such transitions are in general
high

energy.

Darensbourg

has,

however,

established

non-dissociative

fluxionalit.y for Cr(CO)5PPh3 and estimated the enthalpy of activation to be
between 16 and 32 kcal m:>r.98 This fluxionality would certainly have
implications for

studies

of CO substitution;

therefore,

a

preliminary

assessment of the energy required for fluxionality is presented for of Cr(CO)6'
as a model of the Cr(CO)4L2 complexes studied by Darensbourg. 98 Two
possible mechanisms have been mentioned for this rearrangement,98 one,
which is equivalent to the Bailar twist in chelated complexes,116 corresponds
to a trigonal prismatic transition state, the other is a twist mechanism
involving cis carbonyls which is similar to the Ray-Dutt mechanism in chelated
complexes.

1l7

Hoffmann et al. indicated that the transition state for cis
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interchange should be similar to a bicapped tetrahedron.
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This cannot true

because, as noted by Hoffmann in the same paper, the bicapped tetrahedron
can be obtained from, and can relax to an octahedron by a simple distortion.
At the bicapped tetrahedron geometry there is not a single imaginary force
constant along the twist coordinate; therefore, the bicapped tetrahedron cannot
be a true transition state. The transition state is at a twist of 45 0 , as is shown
in Figure 20. As the twist angle approaches 90 0 the geometry relaxes into an
octahedron once again. The calculated optimal geometry of the transition state
for the twist mechanism is also shown in Figure 20. The calculated energy for
the trigonal prismatic transition state is 47.6 kcal, the twist transition state is
42.3 kcal. Thus, the twist is the lower energy process, but both mechanisms
have activation energies which are larger than the 16 to 32 kcal postulated by
Darensbourg et al. as an activation enthalpy. It is possible that the
constrained variables do not represent the correct transition state for the twist
mechanism. It is also possible that the hexacarbonyl is not a good enough
model for Cr(CO)5(PPh 3).
Conclusion
From the calculations presented here one may conclude that both ground
state and relaxation effects are important in cis labilization. Relaxation effects
are more important for those heteroligands that are not merely weaker
acceptors, but are

'If'

'If'

donors. In the framents M(CO)4L direct trans vacancy to

cis vacancy conversion is a higher energy process than simple trans loss for
thermal dissociation of CO from M(CO)5L. If a ligand that is more labile than
CO is dissociated from the trans position, then a trans vacancy to cis vacancy
conversion is possible but has a calculated barrier (in the gas phase) of about
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Figure 20. Isomerization by simple twist of cis carbonyls. The optimized
transition state (twist = 45°) is also shown.
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10 kcal. Indirect trans incorporation via a mechanism similar to that of
Lichtenberger and Brown 90 is predicted to be a very low energy process and
should be observed in multiple substitution processes. Therefore, the overall
rates of cis and trans conversion should differ by only a statistical factor.
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CHAPTER V
CONCLUSION
The ability to use theory to predict the geometries of transition metal
complexes opens many new areas for theoretical studies. This dissertation has
presented results in three areas which are particularly wei! suited for
applications of theory.
In Chapter II theory was used to isolate a specific orbital interaction and
assess its importance.

The orbital interactions were found to only weakly

affect the geometries of metal monohydrates.

Orbital interactions were

overridden by the classical ion - dipole interactions whenever the metal had a
charge.

These classical interactions favor a zero degree wag angle, yet

experimentally the wag angle is nonzero even when the metal is charged.
Based on the work presented here, one might turn to a study of intermolecular
forces, especially hydrogen bonding to explain the nonzero wag angle found
experimentally.

One might initially optimize the geometry of a hexaaquo

complex, for example Ni2+ (H 2 0)6' then fix five of the six water molecules in
the optimal geometry.

One could then see if the remaining water molecule

could be induced to assume a nonzero wag angle by hydrogen bonding to a
seventh water molecule.
In Chapter III, a theoretical study was used to predict a bond length in an
experimentally inaccessible complex.

More importantly, the theoretical

geometry optimizations provided an understanding of the forces acting on the
metal-meta! bond.

In the case of the very weak Cr-Cr bond, complete

optimizations were essential for the calculation of accurate trends in metal metal bond length among various complexes. They were, however, very time
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consuming; for complexes any larger than those considered in this study,
complete optimizations are not feasible at this time. More studies should be
undertaken on these complexes to further explore the relationship between the
bridging ligand, and Cr-Cr bond. The bridging ligand (H 2 C-CH-CH 2 ) could be
considered, and NHs as an axial ligand. Quantitative predictions on these
complexes require complete geometry optimizations.

In our studies we

constructed a potential curve for the Cr-Cr bond, to determine the effect of the
metal - metal bond on the bridging ligand, and to get a good starting point for
the complete optimization. The bridging ligands were nearly independent of
the Cr-Cr distance; therefore in future calculations one could optimize the
bridging ligand at a reasonable Cr-Cr distance, then the bridging ligand and
Cr-Cr distance could be optimized together.
The lack of absolute accuracy in our calculations emphasizes the need for
better theoretical descriptions of Cr-Cr bonds, and weak metal - metal bonds in
general.

Such work could be tested on bare Cr2 , which is a much smaller

computational problem than the complexes of dichromium(II).

Simply

including large numbers of configurations in CI calculations on Cr2 has proven
ineffective in calculating a correct absolute value for the bond length. Perhaps
other methods, such as many-body perturbation, could be employed.
In Chapter IV theory enabled us to answer questions that were either
difficult or impossible to answer experimentally.

We have calculated the

geometries not only of the ground state, but also transition states for carbonyl
substitution reactions. By calculating the energy of transition states at both
frozen ground state geometries, and optimized geometries, we were able to
determine the relative importance of ground state and relaxation effects. We
were also able to estimate the ease of interconversion between trans and cis
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loss fragments, and from these estimates evaluate experimental results that
had been matters of controversy.
Carbonyl substitution reactions, and organometallic reactions in general,
are promising areas for further theoretical studies. The studies on carbonyls
presented here point directly furt!ler studies in three areas.

The first is an

exploration of the excited state in the five coordinate intermediate. We have
postulated photoactivation as an explanation for the rapid rearrangement of
the Cr(CO)4PH3 intermediate that was observed in the experiment of
Darensbourg and coworkers. Theory could estimate the energy of the singlet exicted transition, and the optimal geometry of the exicted state. The second
area is the nondissociative rearrangement of ocathedral substituted carbonyl
complexes.

Calculations on Cr(CO)6 have found energies for the postulated

transition states which are too high to account for the experimental results.
This could be simply due to an inappropriate model.

As an initial

improvement, one CO could be replaced by a PH 3 group at the optimized
transition state geometries that were calculated for Cr(CO)6. If these energies
were still too high, then these transition states could be optimized. The third
area is a studyof complexes which undergo ligand migration, rather than
simple dissociation of a CO, in particular Mn(CO)5H.

The energy of hydride

migration to a cis carbonyl could be calculated by closing the H-Mn-Ccis angle
in steps, and optimizing all other parameters at each step.

A similar

calculation could be performed on Mn(CO)5CH3 in order to determine whether
such a reaction requires the unique properties of the hydride ion.
The importance of transition metal catalyzed reactions, along with the
difficulty of experimentally probing transition states and intermediates, will
certainly spur further theoretical studies. Some of these studies must be basic
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evaluations of the theory, such as comparisons of basis sets, and methods of
accounting for electron correlation. As new areas are explored by theoretical
means, a groundwork must first be laid. One must discover how sophisticated
the theoretical method must be to give accurate geometries and energies. As
this groundwork is laid new discoveries of chemical importance will be made.
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APPENDIX A
GEOMETRIES AND ENERGIES OF M-H2 0 COMPLEXES
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Li+
HOHAngle
Degrees

Energy
Hartree

Ow

r(l\1-0)

r(O.-H)

Degrees

A

A

0

1.849

.9537

106.3

-83.190977

10

1.849

.9537

106.3

.190760

20

1.853

.9541

106.1

.190087

30

1.860

.9546

105.9

.188890

45

1.880

.9550

105.5

.185876

Na+
0

2.217

.9516

105.5

-235.790848

10

2.217

.9519

105.4

.790637

20

2.225

.9519

105.4

.789993

30

2.233

.9521

105.2

.788872

45

2.255

.9525

105.1

.786149

K+
0

2.659

.9505

105.0

-669.440990

10

2.659

.9505

105.0

.440794

20

2.670

.9506

104.9

.440213

30

2.683

.9507

104.9

.439221

45

2.714

.9509

104.8

.436885
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Ca 2 +
8w
Degrees

r(!\1-0)
A

r(O;H)
A

0

2.340

.9595

103.8

-746.031452

10

2.343

.9595

103.7

.030969

20

2.350

.9595

103.8

.029504

30

2.363

.9596

103.7

.027005

45

2.392

.9594

103.6

.021129

HOHAngle
Degrees

Energy
Hartree

Sc 3 +
0

1.994

.9947

103.5

-827.564018

10

1.995

.9943

103.5

.563192

20

2.000

.9942

103.3

.560676

30

2.012

.9930

103.3

.556361

45

2.036

.9912

103.2

.546107

Ti2 + (d

x2.y2

)2

0

2.074

.9677

105.6

-916.195313

10

2.072

.9681

105.6

.194957

20

2.080

.9681

105.4

.193526

30

2.089

.9679

105.2

.190955

45

2.108

.9679

104.9

.184968

119

Ti 2 + (d Xy )2
8w
Degrees

r(I\1-0)
A

r(O;H)
A

0

2.073

.9667

105.6

-916.195312

10

2.072

.9682

105.5

.194848

20

2.080

.9681

105.3

.193430

30

2.090

.9679

105.1

.190955

45

2.109

.9679

104.8

.184929

105.9

-916.182792

105.4

-916.171528

106.4

-1108.784304

HOHAngle
Degrees

Energy
Hartree

Ti2 + (d yz )2
0

2.093

.9639
Ti2+ (d xz )2

0

2.176

.9625
Cr

0

1.862

2+

2
2
(d x 2.v 2) (dyz )
.9716

Cr2 (d 2 2)2 (dxJ~
x -•

0

1.966

. 9689

106.1

-1108.769994

10

1.966

.9690

106.0

.769746

20

1.968

.9694

105.6

.768911

30

1.969

.9698

105.0

.767243
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Co

1+ (

2

2

2

d xy ) (d xz ) (d yz ) (d x2.y2)

()W

r(~-O)

Degrees

A

r(O;H)
A

0

2.010

.9528'

2

HOHAngle
Degrees
108.0

Energy
Hartree
-1445.406129

Fe o (d xy )2 (d xz )2 (d yz )2 (4s) 2
0

2.142
.2+

Nl

.9533
2

2

107.5
2

(d xy ) (d xz ) (d yz ) (d x2.y2)

-1327.498433

2

0

1.850

.9713

108.5

-1569.419938

10

1.850

.9709

108.1

.419674

20

1.851

.9712

107.5

.418788

30

1.855

.9718

106.7

.417041

45

1.868

.9721

105.7

.412046

.2+

Nl

2

2

2

(d z2 ) (d xy ) (d xz ) (d x2.y2 )

2

0

1.989

.9688

106.2

-1569.384860

10

1.990

.9689

106.1

.384542

20

1.994

.9690

105.8

.383535

30

2.001

.9691

105.4

.381691

121

9w

r(l\1-0)

r(O.-H)

Degrees

A

A

HOH Angle
Degrees

Energy
Hartree

o

1.924

.9703

106.6

-1569.394529

o

1.989

.9664

106.4

-1569.376757
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